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ABSTRACT 


T 


This short early, research effort was uhder.tak.on to strengthen the 
sc.tentific hhsc.for the Electr.omagnetic. Wave Enet’^y Conversion (EWEC) 
invention (U. S. P.atent No,. 3,760,257), .. Such advanced research, it. is 
believed, could ultimately lead to creation of a usaful new. family of 
high efficiency direct Solaf-electric -converters . Such converters 
would exploit the well'^known wave tlieory of -light interacting with 
optically rougli surfaces compo.sed of tapered, absorber. elements...many 
wavelengths long. 


'IMs initial theoretical research focussed on. the -EWEC absorbers, 
as they are an important critical element of the EWEC concept. The 
other critical element, the rectifier, is not dealt with in this 
research. 

An extensive literature search revealed abundant published scien- 
tific evidence supporting the notion of , electromagnetic waves inter-, 
acting with rough surfaces. The -relevant research literature is 
summarized for the first time. 


The research plan was to first study known electromagnetic wave 
absorbing structures found in Nature for. clues of how one might later 
design large area man-made radiant-electric converters. It lead to 
studying, the electro-optics of insect dielectric antennae. Considerable 
new theoretical insights were achieved into how these antennae probably 
operate in the infrared 7-14um range, though substantially more-r- 
theoretical and experimental— must be done for the insight to be com- 
plete. 

EWEC theoretical models and rele\ant cases are concisely formulated 
and justified for metal and dielectric absorber materials. Finding, the 
electromagnetic field solutions to these models represents a major tech- 
nical problem not yet Solved. Their later solution will lead to new 
insights into the technical requirements for both rough surface solar- 
thermal absorbers ("Selective Surfaces") and solar-electric converters. 

A rough estimate of losses in metal. Solid, dielectric, and hollow 
dielectric waveguides indicates future radiant-electric EWEC research 
should aim toward dielectric materials for maximum conversion efficiency. 

Hie research also revealed the absorber bandwidth, is a theoretical 
limitation on radiant-electric conversion-efficiency. Ideally, the - 
absorbers 'wavelength would be Centered, on the irradiating spectrum and 
havG the same bandwith as - the irradiating wave. 

The EWEC concept appears- to have a valid scientific basis, but 
considerable more research..is... needed before it is thorougtily under- 


i 


stood, especially for the comp.lc’x randomly polarized, wide-hand, phase 

incoherent Spectrum of the. sun Specif ir recommended rosoarcli areas 

are identified. 


KEY WORDS: Solar, Solar^electrlc, Solar- thermal, 

Electromagnetic Waves, Electromagnetic 
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Wave-Surface Interactions, Dielectric 
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rMTIlonUCTTON 

Tlu' Scope' Of The re se nt: Rose - arch Oran t is limited s^eciitcally to the 
absorbers on a hew- type of direct solar converxer. Before treating tiie 
details, it Is important to realize this advanced etiergy research under- 
taken at the- University of Florida is embedded in the larger national 
energy Research and Dvelopment effort, and we should have this perspec- 
tive succinctly in mind at the beginning. 

The National Energy Problem has been generally known for some years. The 
United States, and other countries ,__f ace serious energy crises as .. fossil 
fuels are being rapidly depleted. 

Projections of f ive f o Id increases in total U.S. energy needs are 

forecast for the. year 2020 [83]. 

The early 1970 ’s has seen a large number of energy alternatives 
examined, many for the first time oh a serious basis. The alternatives 
examined by various groups and individuals have ranged from. res tiidying 
conventional energy, sources and systems, e.g. coal-electric, to the ad- 
vanced systems, e.g. large-scale solar-electric systems spun off from 
the Space Program. 

Our only inexhaustible energy-alternative, solar energy, is present- 
ly experiencing renewed interest and is. in 1975, in toto, a rapid growth 
industry, particularly solar water heating, and house heating. This 
growth industry, for all practical p.urposes, started with the late 1972 
publication of a carefully, conceived U. S. Solar Research and Develop- 
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ment plan [82'1 advanced by uho N81-VNASA Solar F.norgy, Panel. Tbla waa 
the first coherent solar R & 1) pLan advanced for thr nation, u , hnlcal 
efforts -prior to 1972_liauiim largely been uncoordinated labors ol love 
by a few solar ploiioers. The .report's recommendations are 4 >rescntly 
being implemented by various U. H. private enterprise, Industry, gov- 
ernment, (ERDA. NASA, et al) . And university groups.. In each recent 
year government funds allocated for solar energy related technology have 

grown significantly. 

The Case For Terrestrial So lar--Electr_ic Conversion was authoritatively 
made in the NSF/NASA Solar Energy Panel work and Report. Briefly 
summarized: 

• Total U . S . Energy Resources UsM To Produ|e . toerfil 

• “l^-iggrtere about 13.9 X 1015 CTU out o£ a total of 

64 X 10l5 BTU. Thus to produce electric energy we use 
about 21.7 percent of our total energy 

remainder was principally used. in heaj: related forms [8i] . 

#. The Percentage of Energy Sources Ne£^ ^ |ro^uce The 
Future Electric Energy, required for the U. b.^is 
expected tO increase to about 55 percent by — 

m] 

m Meeting The Numerical Ijicrea^ of electric energy needed 
^ while also demanding a greater percentage of the nation s 

energy be in. electrical form will place great stresses on. 

A Our fossil fuel resources. _ 

A The nation's utility companies -• both investor- 
owned and government subsidized . 

A The environment . 

A Our financial resources. 

There is grave doubt we shall, in fact, be able to Install 
in tLe tL enormous electric plants required by simply 
extending prior technology. A faltering of ^ le "i' 

reactor program, on which the. government is principal.ly 
depending' to meet the mid 1980 's increase may be di- 
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saHtrouf! to- tluS c!ount:ry uni we iWive other bul k. . energy 
np tl ons a va 1 .lab 1 e . 

# 'I'Otili .Ai-'liyiiiE. l^-ntU'.Sy. within L). S. ContJrtental ilmlUs 

"l.n'”a‘ycar exceeds the prdadnt total anergy required to. 
ruvi the -country by a factor of .more than 600 (a very 
conservative estimate). .On a elear day. the .sun's intensity 
at the earth's surface- on an area normal to the sun s rays 
is about 1 KW/M^. .'flierc is. more than enough solar.energy 
available to- generate the nation '.s entir e Olectric power.. 
I'he problem is to find how to economically do it.- Ihe. 
Panel's report proposed R and D needed leading to possible .. 
practical solutions to this national, problem. — 

A Central vs On-Site -Solar generation of electric power was 

examined. R and.D programs were recommended for both areas. 
Electric, power generated b.y either method. would relieve 
electric utility companies and minimize use of precious 
fossil fuels. 

# Centralized Terrestrial Solar-Electric Generate of bulk 

power was shown to be attainable with a relatively 
modest R and D investment by the nation. 

A On-Site 'solarlv generated electric power will.be possible in 

^many U. S.. areas where weather conditions are favorable.. 

The energy conVer.ter might be solar cells, though this 
present-art approach requires lowering their cost several 
orders-of-magnitude yet before widespread _uae of on-site 
electric power generatton is attained.. 

# No Significant Pollution by-products or environmental 

effluents are inherent to either, central or on-site 
solar-electric generation — - a major advantage of 
solar, energy utilization. 

Cost Pe_t KTO of central solar, generated electric^power. is- 
presently estimated to bO several times that of fossil 
fue.1 electricity. R and D-is expected to decrease the 
cost substantially. Also present rising fossil fuel 
cost trends hasten the day when solar generated power 
can be competitive with_couventiottal. electric power- 

A Known Mo_st Promising Methods of terrestrial Aolarrelectric 
conversion for generating bulk power are: 


A Solar T hermal Methods ,, principally using 

large area thin fllmd and "the g reenho use 
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effect"' to achievis high .temperatures reciuired 
for d on VO. r. t i o na 1 b d :1. 1 e r ~ t u r b i no - geme r a tor 
systems.. 

A D irect CohverHion VI h Sdjhr c:el.ls expo sc ci to- tlie 
sun in !..arge areas .( Icilon ieters square f '.-r 
cehtral plants- — a few square me tors for 
buildings) , 

A Solar "Tree Farms lii which the sun's energy- i.s 
stored.-aS wood and later .burned In a conven® 
tional. electric power plant. 

Many other significant, facts -r too numej:.ous to relate here — 
bearing on the concepts of both central and onrsite solar-electric power 
plants including the difficult problem of energy storage — al.so 
emerged in the_.3olar Energy Panel work and report [82 ]j 
Direct Conversion of the sun's energy to electricity has long been rec- 

ogni zed by many researchers as .a desirable, direction to .proceed. A simple 

calculation reveals that were practical direct solar-electric converters 
available on a large-scale, in„the U. S. alone a market potential of 
many billions of dollars could be opened up. The large-scale arrival 
of such converters would have' enormously beneficial social and other 
impacts and permit direct utilization of our only source of energy in- 
come — the sun. 

However, virtually all who have realistically approached the prob- 
lem of creating practical high efficiency direct solar-olectric convert- 
ers have recognized the great technicaJ — difficulty of the problem. — 

Direct conversion, of radiaat-.energy to electricity, is substantially more 

technically sophisticated and less understood . than conversion to heat 

energy forms, which facts partly account for why such convertor.^ are 
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not ydt. avnUnblo Oti a lar-ge-scaln ► 

Ditec.t aolar olCctrin convc-nsJon .ficthnda proaontly ara clasaiflcd 
an 'Advandad' In nature, aa I luu’c l.a tin present widespread JmpXeindnta- 
t loii of such racitlioda. 

Tlic principal pregent-^art solar-electric coavertcr is the stlicod 
solar cell, largely carried to its present state. of development by the 
U. S. Space Prograpi. Such solar -cells, are now characterised by high 
cost and, at best,, a solar-to^electric power conversion efficiency .of 
1.5 percent [39] with a theoretical maximura...of about 24 percent. Solar 
cell conversion efficiency has remained nearly static in the 13-15, 
percent range since about_19.62 . . 

A Bas icall y New Direc t Approach appeared to be needed for-. converting 
radiant energy to. useful electrical energy If significantly higher 
conversion efficiency was ever to be achieved along with the-attendant 
beneficial social effects Inherent in direct solar conversion. 

Such a new concept was first advanced by Bailey in.J.968 while, 
engaged in research, at Goddard Space Flight Center. [4] [3].*_ It is-called 
the Electromagnetic Wave -Energy Converler. (EWEC) and Was cited specifi- 
ciilly in the 1972 Solar Energy Panel Report as an example for which 
"research, into new methods -of solar energy conversion, should-.be 
initiated"; but unfortunately this important and potentially significant . 
research did not get started on a serious basis, until the .present 
grant. 

The EWEC converter concept is briefly described in Chapter 2. 
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Chapter 2 

T\IV, i-:WKC CONCl^T'T SlIMNAKl?5El) 

A Summary of. the ElcGtromasnetlc .Wave Encjrgy Convettcr .(EWliC) cuiieept 
is made here because of...its ra.latlVe newness to researchers ami others. 

The details are in Bailey's publications LL] 12] 13). 

A Central Idea of the new EWEG concept is to attempt making use of flie 
classical wave properties-of the electromagnetic rddiatiOn impinging on. 
the converter. The use of Wave properties of electromagnetic radiation 
is well. established in radio» radar, .antenna, and allied arts, principal- 
ly for transmitting and receiving si^tial s. 

The theory that visible light is a wave phenomenon is at least as. 
old as the Dutch, physicist, Huygens (1629-1695). Classical .wave theory 
was thus well developed in optics and physics long before the more recent 
quantum approaches appeared. Every modern physics student knows of... the 
dual wave-particle nature of electromagnetic radiation; nevertheless, 
it has been somewhat surprising — and distressing -- to us throughout 
this research to find many practicing technical people having philo- 
sophical difficulty accepting the wave viewpoint^especially as one 

1 

enters the infrared andiyi^ible ranges. 

Since the physics of modern silicon solar cells — which is now a 
well established technology -- is based entirely on utilizing the quan^im 
properties of the incident radiation, it is clear that any radiant energy 

^We find it helpful to ask such people, "Explain how an ordinary antenna- 
works using quantum theory." We freely confess our inability. te do so. 
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t’.onvt‘rter .based on ut.lll?jlng vave^ properties, is. la 5harp contrast, to 
such ia;iJ ls — both. In theory and physical embodiment,. It should not, 
therefore, be aurprising for those familiar with conventional solar cells 
tr> at first experience some strangeness when dealing with the newer KWEC 
concepts. 

The idea of extending wave absorption techniques and embodiments 

well*rknown in. the radio frequency region for signal absorption to the 

shorter infrared and Solar ranges for man-made useful power conversion 

was first conceived by„JBailey [3], as a lengthy literature and two 

patent searches have revealed,^ Callahan’s significant scientific 

2 

researches on wave surface interactions on insect antennae later strong- 
ly reinforced this concept, and, fortunately, the two became colleagues 
via the present research grant. 

Signal Vs Power Conversion of electromagnetic waves must first be 
distinguished before explaining the EWEC concept. 

In radar, radio, and communications the principal function of the 
receiving antenna is to convert the incident electromagnetic wave to a 
useful signal . voltage which is then amplified and later heard (radio) or 
seen (TV). Emphasis is on recovery of the signal , .. The .power conversion 

^These are surtmiarized in Chap. 4. 

2 

These are summarized in Chap. 5. 
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t\£CLcl(>ncy of tho antenna' ;U of secondary intorcBt. 

in contrast, the power, conversion efficlancy for an arbitrary 
radlant_£ner6y-elcctr1c, converter is defined as; 

Use f u 1 _ i^tp ut^JLo - 

“ "maT Reliant Power Impinging On Converter 

Tl,c po«r oonvP.:^on oCflcLmcy. P . U of groat l«portanc In radiant 

epprgy-oloctrlo oonvortara, slnco It dlrootly datar^lnoa tho ragalrod 

convartor area and hence the, dost for a given output pouer. It beco»ea 

the ahaorptlvlty. u,.when one .la dealing, with radiant-thermal conversion. 

The MEC .Converter la principally Intended for radiant-electric 
power conversion, though we shall see it Is also ol great 
interest and potential value In radiant- thermal conversion. ^ 

Ti.„ - Electromagnetic Have EnerSi. SSMSISSL la shown in Klg. -2-1. m Hg. 
g’-U the. essential elements are seen to be an Input radiant energy sourcu 
having an c field 15 propagating into the converter. The- converter 
consists of absorber elements 16, rectifier 23, filter 24, and load 25 


^ence the reaso.n one does irconc«ned with .the 'gain' 

antenna' m antenna literature. bat this Is not 

of a given antenna with efficiency of the antenna being 

the same as the power conv.ersion..ef fi 'matched imped- 

investigated. Antennas are antenna delivers its maximum power 

ance* conditions at po„er dissipated in the antenna- 

output, with load power antennas ’matched,’ it 

rprp:i:fi:^btt^^^ 

^r-U-ttruirrors'anrtr^^^^^^^^^ - — 

conversion efficiency. 


^rtom 0. S. Patent 3.76Q.257, Sept. lE, 1973. 
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FIG. 2-1 Rough conceptual sketch of new large-atea EleGtromagnetic, 

Wave Energy Converter (EWEC) absorber that might be created 
The surface would, be rough. It would utilize the wave 
properties of the impinging radiation. Hie concept is 
principally aimed at solar-energy but may also have useful 
spin-offs for microwave and infrared ranges. 




Into which wc doslre iisjjfuX-DC pow -r to appear. Tlic electric field 
Induce.^ Currants in tlu^ pyramid or coin' sliaped absorber elements 
result ing.. In a voltage between the two absorber elements . IL I :i tu-m- 
verted to a DC power, by a rectifier-f liter arrangment . For short 
wavelengths, in tlie IR and solar spectrum range, it is necessary for 
diode 23 to be. physically small with respect to a wavelength so it 
appears_approximately... as-a lumped constant component. It also ideally 
would have a sir.all series resistance and large_..equiyalent parallel 
resistance, thus miniiiiizing power losses. 

'rhe absorber elements 16 might be of riietal or dielectric materials, 
de^iending on whether the converter is to. 4:ransform to thermal .o\r electric 
power.. For* operation in IR and solar spectrum ranges, it is desirable 
for the elements to be many wavelengths long, principally ta give a 
narrow absorption beamwidth and to permit the structure to be physicaJ.ly 
built . 

By arranging the basic converter._af -Fig . 2-la into an array-like 

structure, we have -Fig. 2-lb. Here the wave absorber elements 31 are 

mounted on a subs4:xate 32 which, in the form shown, is an electrical 
insulator. It may be rigid or preferably flexible. The converter ele- 
ments are here shown as lumped constants connected to. multiple loads 
135. Each pair of absorber elements, e.g. 31a and Sib,., and converter 
elements, e.g. 33 and 34, are seen to be comparable to -the -elemental 
system in Fig...2r-la. Tlie connections are such that for a vertically 
polarized incident e field load voltages appear in columns of loads 135, 
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If £ is horizontally polarized, tiheu absorber elements lie and 31d ab- 
sorb the wave.power^ convert it in the same way, and feed it to one of 
the horizontal. load, resistors . 

11ms the .embodiment in Fig. 2’-'lb can convert either verticaLor 
horizontal polarization e fields to useful DC power. If the polarization 
of c is arbitrary, then it will always have some component in horizontal 
or vertical directions . 'fliese components Will be absorbed and converted,, 
capturing all the energy^.of the incident e field wave regardless of its 
polarization. 

Fig. 2“lc shows an extension of the ideas in Fig. 2~lb . Now the 
lumped ..constant elements are replaced by their fabricated microelectronic 
equivalent, e.g. 36 and 37 from the equivalent of the diode 34 in Fig. 
2-^lb. Other forms of the rectifier are possible and probably even 
desirable, e.g. point contact diodes optimized for the spectral range 
being absorbed. 

It is clear that the EWEC makes use of carefully shaped and pro- 
portioned structures which microscopically would appear ’rough,’ i.e, 
a forest of small relatively close-spaced conoids or pyramids. Tlius 
this important wave .absorption embodiment of EWECL differs markedly 
from the fsmooth surface quantum mechanical concepts of conventional 
solar cells and is generally iiiore like structures found in Nature, e.g. 
Insect antennae'^ and eye retinas in vertebrates. 

^See Chap. 5. 
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The ba.‘ 5 ;ic Icchnlrnl idenH nf f.hlH new Invention are emboclU-il in 


Fig, 2-1. For brevity liere, many detaJln are omitted,. Such emb llmentn 
served as the starting point for the present research grant. We expect 
such embodiments to undergo considerable creative refinement 'o; f.utui e 
EWFC research progresses and our understanding o£- it grow.s. borne, modi- 
fication possibilities have already been indicated in [3j. 


Potential EWEC Advantages are believed to be: 

0 High Conversi on Efficiency In Chap. .9 our elementary 

analyses indicate - that 50 percent or greater efficiency 
theoretically should be possible* assuming (1) all I'^WEC 
absorber elements are the same length, (2) the EWEC 
absorbers are correctly tuned to the principal incident 
wavelength, (3) the EWEC converter ’ s -bandwidth is 50 
percent or more of the irradiating spectral bandwidth, 
and (4) rectifier and absorber losses are . neglected . 


Erown's [8] pioneering tests on large area power 
absorbing 'rectennas' at microwave frequencies had a 
measured efficiency of 64 percent. No special attempt 
appears to have been made, howe.ver, to optimize the 
absorber elements as is envisioned both desirable and 
necessary for EWEC type converters. 

So far as we have been able to determine, . the 
EWEC invention is the only new radiant energy-electric 
converter concept on the contemporary technical scene 
with a potential — but yet unproven — solar con- 
version efficiency signif leant. ly greater than the 24 
percent theoretical maximum for solar cells. 

Fu nctio n Separation Capability appears- inherent ta the ^ 
EWEC concept. This means the absorption of the waves 
are essentially independent from the rectification.. 
Each should therefore be capable of careful modeling 
and optimization. 

Power Spectriun Matchin g Capability also appears inherent 
to 'EWEC converters, ffhnnglng the absorber geometry 


^The French have an antenna term, se collc-r, wltLch, loosely Lcan.-lafet!d, 

means "the wave ’ITtlcks' to the antenna" which more acouraiu-Uy 

captures the true Idea. 
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hy Bult/jblc cllmensional. cholros would permit, 'matclriu}’, ' 
absorbers to the inci.derit power spectrum. . Prcscnl. art 
semicotuluctor solar ee.lls- arc aot so conveniently adjust- 
able^ 

m (’.outi^el o_r Abso rpti on BeiitnwJLd^ pattern a«)uld be possll)l(J 

for tile fJLrst tlflic. In solar-electric converters.. Tlie 
beamWidth is the angle of absrjrpti.vj ty at the half power 
points. By suitable absorber dimensional choices con- 
verters could be made v;ith wide or narrow beamwidths to 
meet the engineering requirements for specific applications. 
Such control could affect the absorp.tivlty/cmlssivl ty ratio 
and be of considerable Importance for. an EWEC thermal 
absorption surface. 

H Me chanical Fleiclbillty of such converters also appears inher- 
ent if mounted on a suitable f lexible, substrate. Hexibility 
has long, been a sought for goal in solar cell arrays and 
applications of solar cells. 

0 Mass Production Ca pabilitie s - eventually . 

The. extent to which these potential advantages can, in fact, be 
achieved remains to be seen by future research. We believe the potential 
advantages. great enough that a successful EWEC absorber-converter would 
liave extremely significant ..long-range commercial -importance and value 

both to the Uni.ted States and the remainder of the world. 

Potential Applications, for EWEC converters, when perfected,, might in 


elude : 


Radiant-Electric Converters 


Solar C onverters for on-site, neighborhood, and central 
generation, of electric power. It is this whole area 
where a market potentia]. of raaay -billions of dollars 
exists . 


Mi crowave C onversio n for high power 
useful electrical power- 


microwave beams„.tQ 


Lase r Beam Conversion to useful electric power. Some 
advanced research in this general area has been dis 
cussed by NASA [?.] as a means for transmitting bulk 








power from oarih l:o ipac’c vehicloH nr viro vor.sa. In. 
oltlier caaci an offlt'lont abaorbur-^ccmverter of ibc boam 
Is norukul which I'an lian<]Jn largo power — of the ordc'r 
of 10 t I iiK‘a l:lio s\m ’ s In Lena i Ly . 

Radi arn-Thormal (by oiiii Cling the rect ifior) 

(J| ^lar Sel GcC lve Surfaces wich higii absorptivUy/oKUSs I v i ly 
ratios for use In: 

A Solar water beating collectors* 

A Solar house heating collectors. 

A Solar air-conditioning collecto-rs* 

A High temperature flat plate and focussed . collectors 
for solar- thermal-electric generation. 

It is too early in EWEC research to have explored these application 
possibilities in any depth, llnese, and other applications, will natu- 
rally open up when successful EWEC hardware has been created. 

Having tluis—intxo d u ced the concept, in Chap. 3 we deal v.eLth 

the specific goals established for the preserrt, research grant aimed at 
taking the first step toward eventually realizing some or all of EWEC's 


po t en t i a 1 ^ ..a . 
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Chnpteii.. 3 
RliSi^ARCll f;OALS _ 

Ncod Kor nonls.. Since this iniilal p^rnfit was of short duration,^ It was 
felt vital to have. clearly established goals at the beginning to maxi- 
mize the program's benefit- to-cost ratio. The £ollowing_£oals and 
rationale were established as guidelines. 

Rese arch Goal; To study the absorbers on l:he EWEC invention and attempt 
to quantitatively determitie their theoretical feasibility at microwave 
and micrometer wavelengths.- 

No experimental work was to be done, it being felt more essential — 
to first strengthen the scientific base for the EWEC concept, particular- 
ly the key absorber elements . 

It is important to realize it was not the goal of this initial short 
research effort to. examine the scientific and engineering feasibility 
of. -the entire -invention — absorbers, rectification, fabrication, and 

a multitude of other significant areas. Research for these could be 

undertaken later. All these .principal problem areas have been specif- 
ically recognized. Identified, and tabulated; but then it is not 
possible to deal with all the problems simultaneously. Instead we 
chose to focus on one of the most important fundamental areas. 

R esearch F ocus ; Abso r bers Our principal reasons for choosing to focus 
the research on the EWEC absorbers were: 

^The. grant was for only 6 months of- p ar t-time work under austere 
funding conditions. 
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n fhey ace ona of tlie pr i.iici.pal eU'.mcnUs of the invention. 

^ WitUou-l: tlicnn the. invention In useless. 

m Tim Icaat :ia known about such-absotbots of. any 

• in the lavention. Const clerab-ly more 

and engineering knowledge la needed, before ^ ' 

iSuSuu,* to dcslsiiod »t.h asm.mmu. LUoy will ««■ > • 

• Know lodge lo.ntnod about abaorbots lor 

spin-offs’ to- Other atoaS, e.g. solar -thernu an. < .n 

sLe solar, thermal absorber surfaces » . but by t.au.ixa^ 
surface to have a coating of. uniform hetgli ‘ c.o 
tetra-hedra appropriately arrayed. 

An additional spin-off -could accrue to the agriculture 
urea of insect control, liie .better ifre^tiv 

absorbers from this research to advanring 

applicable- to insect antennae and,, m .addltio 
Sicrin that area, could - perhap.s .eventually -- ead 
coTuper offlclont oleotronic monns of trupping :u«o.to, 
preventing crop and food, destruction.. 

• ■" fis“— 

tasibiirtroftL''Sc^Sven?i^^^ '‘we do not minimize the 

etc. of diodes, particularly the works of Btown {9], 

Javan [43], Van dar_Ziel [..7,5,] and others 

There were also other reasons for focussing this short resca^ 
program ou absorbers . 

In this oarly tbooretlcal work it waa £aU easantlal to dual only 

with simple plane polarised monoebromatio electromagnetic waves. lUc 
„„n-coherent, wide spectrum, stochastic amplitude, randoml y polati ted 
wave case - ultimately needed for full theoretical understanding of. - 
successful solar-electric EUEC converters - was recognised as theoret- 

ically too complex d starting point. 

. ^ £■ wat. hoped wc would know about 

M Ih^ research program it was nopeo wc 

the EWEC absorbers: 


16 


Whether nvetal or dielectric ia beat. 


Material 


# - ~ ApprexlmaCe r^angea — ■ in terms of 

wavelengths — It must theoretically 
he for efficient power absorption. . 
Also whether conical ot tetra- 
hedron Is best and. whether solid or 
thin wall dielectric ia best. 

• About what to- expec-t. These would be- 

related to the number of wavelengths 
the absorber is long. 

♦ ^ About how to predict it. for an. optimum 

absorber and liow it is related to 
the absorber geometry. 

^ baji'jwf dth - About what it should theoretically 

be. Particularly the- fractional 
bandwidth is a crucial factor for 
a later solar— electric converter. 

• ll«gapiwidth Some preliminary indication (sharp 

or broad) of what it might be, 
recognizing later ^supportive 
experiitien tal work would be needed, 

0 S^acinygs^ - - - Probably know one that theory indi- 

cates shoula work. Time would not 
permit exploring other possible 
refinements, as log-periodic 
spacings, in such a short R & D 
program. 

0 Conversion Efficiency - Should know the theoretical upper 

conversion efficiency for an 
EWEC absorber .driving a resistive 
load when irradiated with a. plane 
polarized electromagne.tic wave. 

Overall, our Intent would be to learn the most about theoretical as- 
pects of EWEC in the shortest possible time hence minimum cost to 
NASA. Care was to be exercised to choose theoretical EWEC -absorbers (or 
arrays of such elements) with a high likelihood of later usefulness for 
the solar and laser ranges (infrared) .and with some regard for ultimate 



nl.unuCaii.l;utxibJ llt.y. 

Tho-OciK^ta l Rosfca ircli Plan for /idvl ovlUR tlu> above- p.na ls w iji to ‘ ir!;i 
"leam from Natufe" whnf. aro probably the..bt!st abaorbor l•lr'nulU mau-r la I ;; 

and.mai 4 )hoJogy,. parti r.ularly based on the lUonoc-.erinp r'oric ..f CailaUau 

on insect dielectr'ic antennae. SirauLtaneously we sought to id('ntlfy, 
collect, study, and sununarize ..xcdevaut scie-uti fic aiid ongineerinj’, p.ii)ers, 
particularly on the physics of electromagnetic wave-surface interactions 
which, subject appeared shrouded in mystery and empiricisiv, among scien- 
tists, solar engineers, and ourselves . 

Finally, it Was -hoped that with such insights accumulated it would 
then be possible to make a. first attempt at modeling EWEC type absorberii^ 
Then, and only then, could a theoretical analysis be performed, starting 
from MaxwelLls equations. 

We summarize our results of the first part of this general plan in — 
Chap. 4. Subsequent Chaps, elucidate our results from the remainder of 

the plan. 
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Chaptef l\ 

UlUOR RESEARCH OR WAVR-SURFAOE J NTI'^RACTIONR 
Prior-research on eiectromngngtlc wavc^surRacc iiUAr- 
netions f 4 po£if ica].l.y aimed at creating n direct solar-^eiectrlc converter 
appears to. have not4)een done, except bx Bailey^ .nor has any previous 
Systematic attempt been made to collect and organise scientific and 
engineering pubiications thereto. 

This Chap, allows readers to. interace with .references relevant to. 
the- understanding and-ultimate solution of the complex electro-physics 
problem of -electromagnetic- waves interacting with surfaces rough in 
comparison with a free_s pace -wavelength, i.e. having a character similar 
to that .proposed for EWEC. 

Works in major areas of importance to EWEC research ate here 

arrangeil and summarized by loose categories. Othen arrangements are, 

of course, possible. Other relevant references are cited throughout 
this report. 

llie - Earliest Writing found on wave^surface interactions relevant, to EWEC 
was by lord Rayleigh [64], circa 1897, . who worked out some of -the mathe- 
matical physics .of electromagneJtic waves in. dielectric cylinders. 
Physicists prior -to that time had, of course, addressed the -more general, 
problem, of the wave-like liature of light . as first advanced by the Dutch.. 
Physicist Huygens (1629-1695).. 

Brief History Of EWEC Bailey [4] in 1968, while at Goddard Spare, 

Flight Center exploring the possibilities for creating a majox_state-of- 
the-art improvement in direct radiant-elcctr Ic conversion technology, 
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LiivcntCit-I'lWlSC , The fal lowing f^titmner experimental veri iie.'iL loii of t in' 
basic'. mf'tal.U('. ak-mcber struclufe was raade at-tlie UnivcirHlty of Florida 
Tlvase tests wei.‘c-.conduCted in the UHF. mlcroWave range, 

H6 flrsMlilbliahed. [:)] the concept in 197.2, fuUoWed In lO?'! by 
an elaboration o£_these ideas 42.J , Portnnate.ly, about, tliJs tlme. 

Balley aiid Ilallahan became colleagues, and a. great-similarity was seen 
between Callahan's previous pioneering work on insect antennae and 
Bailey's ideas .regarding EWEC. 

After several years of. patent work involving 'the rights' ques.- 
tion, NASA filed for a U. S—Eatent on EWEC. which issued in 19J3- [1]. 

The present. NASA grant, resulting from a 1974 proposal, enabled 
this advanced research, to go_forward. Thus from the .time the invention 
was first made (1968) until serious Scientific' and engineering research 
commenced (1975) was nearly seven years. 

El^lEC- Related Patents liueller [58] relates in his patent an invention. 
o^~centimetric antennas, and particularly of end-on high gain directive, 
dielectric antennas. He discusses shape of rods, directivity and gain. 

Southwor-th [69], discusses the use of a muLtiunit end-fire array 

of rods of dielectric material resulting in a directivity principally 
along their axes. His invention was for microwave radio antenna sys- 
tems . 

Somewhat similar ideas at much shorter wavelengths are looked at 
in EWEC research.. 

The above two patents appear to be the closest to the EWEC In- 

vention revealed from two p ate nt Searches; but neither anticipates 
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oporaulon_Jn the solar cangft, dnd neither is intended principally as a 
rad I hat energy, to power convertei- as EWI5C. 

AM M .OMCts Callahan . Hsiao,, fit. .al.. [41 J ha.Ve 

also investigated -the possibility that insects communicate hy coherent 
elcctronwgnetic waves. They point to Callahan's. [19, 20, 21, 23, 24, 25] 
pioneering, work in this-.area and discuss many points in their common re- 
search, of the question. They conclude there is some possibility J.n this 
method of communication, between insects, but point out continuing re- 
search will show more- concrete conclusions. 

.^ructures Vls^ CejJ^ Bernhard. [,7] conducted experi- 
ments on large... models of conical protuberances .and nipples illuminated 
by microwaves .and discusses similar structures found in. Nature., 

Clapham and Hutley [29] reported on the suppression of wave reflec=^._ 
tion from surfaces, covered in a regular array of conical protuberances 
in a manner: similar to that observed on the corneal lenses of the mo.th. . 

They substantiated. Bernhard !s. theory of suppression through a graded 

transit±on_of refract:lve index between the air and the cornea by._ 
measurements with microwave radiation ref lected from a scaled-up model. 

Bernard et.al [6] later studied the_eye in light of .antenna 
theory and found a counterpart, to .many communication engineering type 
structures existing there.. They explain light interaction with the 
surface of. .the eye from a wave approach. 

A detailed discussion of. research of visual. cells is presented. by 
Young [78 1 . He clearly shows the structures, rods, and cones found in 
humans and animals are similar in morphology to the EWEC dielectric 


model we presiint-liereln in Chdp . 7 . 

Wpj^ -Cuomo , et al.[31] have dceomplidhed_rec6nt highly -significant 
research into surfacc-treatmehts-for high temperature aolar-themial 
absorbers, 'they demonstrate the excellent absdrber capabilities a 
spe.ciaL,...tungs ten_8urface has operating in the solar spectrum from about 
0.5 to-AOiim. They claim an absorpti vi ty- of 96 percent for it. They 
attribute the high absorptivity to varied population of spear like struc- 
tures called .dendrites, large and small, on varied sp acing s. .This_sur- 
face structure closely.„parallels the application of the EWEC-like metal 
strucutre discussed in Chap, 6 and our two-length model, Fig. 9-8-. 
Tailoring the surface for absorption. of various frequencies is experi- 
mentalLy achieved by altering,_the_ heigh t-to-width ratio of the dendrites, 
much as discussed for EWEC. 

Australian Work Thornton [72] s.Uows that a. material surface configu- 
ration-can be optimized -for best thermal absorption- and lowest 
emisslvity. He -investigates a corrugated surface formed by cutting 
rectangular .slots in.it. Bandwidth, was investigated and optimized for 
multilayer- surfaces. References are made to the moth's eye principle 
of reduction of reflection on an array of very fine tapered. cylindrical 
protuberances- .. 

Japanese Work Tani [7L] rey.orts a project of solar energy power sys- 
tems. Deposit meshes, thin films, and horns made frbm metal and semi- 
conductor material absorb sunlight electromagnetic energy and produce 
high temperature thermal energy. They "have applied for s everal patents 
in. this field. Technical details on this work are not available. 
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Rough SurfnG^ -Solar C elia The ^ancept of dellherately roughdalng the i 

suffacc of convent fonfil aolaf cCUd la bcHCvecl Co linvo boon fIrKi ^ 

(ijqilorpd by Bailey [4], ' 

Haynas eC_aL [39] of Comsat Laboratories later described a surface 
treatment of the conventional solar cell where a myriad of tetrahedral 
(RiilKC-like structures) were used to promote .multiple interactions be- 
tween the sut£ace.and the light, thereby reducing reflection losses 

markedly and increasing the cell. efficiency to a high of 15 percent. . i 

Rough Solar-Thermal Absorber Surfaces Peake .[60J. has indicated the 
similarity to EWEC of. surface structures .of a .high aMpfptivity.. 0 . 91) 

i 

paint used by. NASA, He showed SEM photographs of. the paint surface 
allowing an EWEC-like structure with .random height _cones . 

Santala [66] states that an intermetallic compound such.as.Fe_ Alj. 
having a highly porous surf ace .structure provides a surface that ab-? | 

sorbs black body . cavities J.f the pore structure is of the same order ^ 

as the.- wavelength of the solar radiation,. However,. J,t radiates in. the \ 

in frarejl wavelength region as.afJLat surface. . An .Aluminum-Nickel com^ - \ 

pound had the best qualities of compounds studied and was selected for 
optimization. 

Solar .. Selective Coatings Koltun [47].XUSSR) describes a selective 
coating which makes it. po^ssible to change the absorption coefficient 

1 

a of solar radiation and, simultaneously.* thd de gree of b la ckne s s e 

over wide ranges. 

Seraphin L67 1 discusses elective solar coatings us iiig chemical 
vapor techniques for deposition of 2ym thick silicon . films of satis- 

i 

V 

i 

I 

1 

I 

J ^ 
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factory optical quality onto a metallized aubStrate. Tluvayatem can be 
used to transform. solar radiation into high .tempdraj^res . Such mir- - 
faces, while structurally dissimilar to EWEC-like surfaces, are hast-d' 
ori well-known optical wave intcrfairence effects and,, somewhat like 
EWEC, exhibit a wavelengtli_selectivity. 

Antennas And Waves Childers [27] explained. some theoretical ideas, ccm- 
cerning antenna reception of nonisotropic stochastic fields. Antennas,- 
are -treated from the combined viewpoint, of the theory of statistical 
communications,,, antenna theory., and the theory, of optics. His ideas 
appear potentially useful to future EWEG' research recommended in Chap. 

12 . . 

Microwave - Absorbin g Structures Emerson, and .Gumming,' s -catalog from 
their Microwave Products. Division [,81] presents. a. wide variety of 
well-known microwave absorbers and absoxber materials . that .are clearly 
EWEC type construction. They use pyramidal or. conical structures to- 
f orm anechoic..s.urf aces which insure minimum reflected energy in a micro 
wave_test chamber ...JThe cone lengths must, be sized, to the frequency 
range being used long cones for long wavelengths and short ones . 
for short wavelengths. . 

Mon omolecular Layers ^ Light In an article by Drexhage [34], multi- 
layer-_aystems- of long-chain latty-acid molecules, and fluorescent dye 
molecules. were used to study the structure of light waves, revealing a- 
close analogy between a radio antenna and a light-emitting molecule. 
Wave-Surface I nteractions On Metal S.ur faces o f Va^c^-Geome^ 
Cherepanov [28] (USSR) has investigated . the absorptivity -of..n. spi ky 
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fiurfac.e of a structure glmi.lar_Lu_an EWEC absorber. - However ,_tM -Sys- 
tem lu> -pjopoacd ls_as a -i5lane*laYer_r;:idic)“absorber material, operating 
at mucli . 1 ongec wavelengtbs than EWEC. — 

Oriistein, et al, [59], Sinor [68], and Lee [48] discuss the wave- 
surface interaction on corrugaS:ed. .conducting surfaces and is relevant 
to the solution of the EWEC models proposed in Chap. 6., 

Scattering from penfectly conducting sinusoidal surfaces is dis- 
cussed by Millar [53, 54, 55, 56], Fang [35], Zaki, et al [79, 80]., 

They. outline methods of solution to scattering from this_jtype periodic 
Structure^ — 

It- is interesting ta observe there is a large body of mathemat- ,. 
ical physics li. -rature dealing with scatterin g of ' el ectromagnetic waves, 
of- which the above is.but a sample, from various surfaces. Substan- 
tially less deals with wave absorption. . 

Dielectric Materials As Antennae and Waveguides are discussed by 
Di Domenico [33], Mueller, et al. [57]., Kiley [46], and McKinney [51], 
Optimum dielectric rod. and tube dimehsidns, bandwidth, gain, atten- 
uation, propagation and many other topics of interest are presented 

which, strongly relate to EWEC research.. The most current reference 

[33] compares, losses in dielectric material with other electromagnetic 
wave propagatipn media. -- a result used in Chap. 8. 

Wave- Surface Interactions On Dielectric Surfaces Scattering from a 
dielectric wedge shaped structure is discussed by Mahan et al [49] and 
is celated-to EWEC,dlelectrlc models of Chap. 7. 

The theory of scattering by finite dielectric—iieedles illuminated 
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paral lel to twit .XM 1 » dlacuaacd by iw«W 1*2' • * 

ebb mlBular distribution of. Hgllt SOattiitbd by the .UeiniJirl.: nofllos - 
of radius r « » and a.- finite .lonstli-1^ i> Vis (.lesented. 11. 1 » tboory 
„aa-developed to help Interpret ..ensured seattered-U6ht dl«t,-1butl.u..s 

from low-loss optical-fiber Waveguides . 

scattering from an Infinite long fiber olrtular cylinder at oblique 

incldenoe uas presented by Kerker [45].. He reports such ccputatlons 
suggest possibilities, for Icproylng the technique for estWatlng fiber 

tadii. 

^ral solution .Method. »ncW et al I51. Davies .[J21, Harrl,.gt„u 
[381. Ikuno et.al.l421, Meechan. [521. and Wilton et al, 1771 .show son.o 
significant and perhaps promising oetbods for the later analytical solu- 
tion of the rough surface models proposed lo-thla report 

Bocrlflcatlon Mea.t Vlal^ Ugllb «ay^:SnSt!ia preliminarily 

dealt Jlith by Matarrese [501., Twu 1241, Small U21. and TUu et al I 1 
Using conventional long-wire antenna theory 150, 70, 73, 741 

film mlcro-eleotronlc depositing techniques [701 they were able to 

demonstrate-rectlflcatlon t<Ll0.6um. broad-hand characteristic, fro. 
^dlo and mlcrowave,.fre,uanclea-a00ht) to the Intrared. region (lO-bu..), 

and forming diode-antenna, elements into. linear phased arrays. J-Itt- 
authors point up many possibilities using these techniques for i..- 
proving the diode's rectllloatlon propertle.s at these wavelengths.. 

TU S^arv . It as evident ...Izeable technical literature exists In 
the general area of the phys ics of elect romagnetic weve-sertace 


I 
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interactions,. Scme.of this litfiratufe was onl,y sampled l!or lack of 
time, e.g. the entire antenna- field is obviously re.ldvant in a general 
way even though antenna theairists do not_genertlIy connlder 'surfaces' 
of antennas; but varlo-uS arrays_.ap,prpac.h this concept. 

The scatter ing of electromagnetic waves from mountains, knife_edges, 
peripdic-aurfaces, random sur faces__(e .g tlie ocean) , and other surface 
geometries have all .been extensively s-tudied; but comparatively little 
technical effort appears to have been devoted to the interesting and- 
potentially useful theoretical problem of absorption maximization of. 
electromagnetic waves by the surface as -needed, for. EWEC soiar-thermal . 
surfaces, The.Jlustralian work by. Thornton_[,72L appears, to, come closest 
to the RWRC invention in this.teg,ard . 

Though, in toto,. these .prior-aj.t publications look, at various parte 
of .tlxe- problem of .wave-surface interactions, no reference was found. _ 
which envisioned the EWEC embodiment in the form invented by Bailey .. 


[ 11 . 

Fjrom this literature. surA/ey., which we interpret ,as- strengthening 
the scientific base, for the EWEC invention in numerous ways,.we_now 

see a broader picture of rough metallic- surfaces and rough diel^c^lc_ 

surfaces_as sub-parts of-a continuum of the larger area .of wave-surface 
electro.- physics. ■ Further, we see these theoretically linked by the 
conanonallty -of the incident, waves inducing currents, though the internal 
field. distributions naturally are different, for the two cases . Finally, 
and very important ly , they are linked morphologically. The.'.e, and other 
linkages, appear to have not been previous,ly recognized, as we indicate 
in Chap , 10 . 
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GhapUei* 5 

KWEC AliSOlUiERS OM INSECTS 





Relevance Of InsectB And RWEC CaUalian, a research entomoloj- ial _ 
methodically Investigated insects and their. .communication and nav 
tlon jswitems for about 20 years [26, 25, 24, — 2X» 22, 21, 20, 19, 


.has 


Ign- 


is, 


17, 16, 15, 14, 13, 12, 11, 10], and in particular .the antennae found, 
on various insects. His most recent research on the Eire 7\nt Antenna 
Is in Appendix I., The res.ultS-.of the impi Ss lve body of scientific 
knowledge can., only be brief Ly _ summarized here, unfortunately, for it- 
is a fascinating, story of general interest, to scientists and engineers. 
An extremely readable summary .of his life's research in this field is 
in [.lil) . A shorter-scientific version is [11]., .and an even shorter one 
is .[12]., Tliis -research, is all highly relevant to. current EWEC R&D, 
though one might initially wonder how Insects and energy conversion are 
related. 

In. summary, Callahan ''s theories and scientific research have 
shown T- and been generally proven beyond reasonable doubt in our mind 


— that: 


Insects communicate and navigate by means of electromagnetic 
waves -- in addition to visual means which we do n.qt — 
consider here . 

The wavelengths used are in the infrared range (from. about. 
Ipm-to 30Um) with principal channels occurring 
within the 7-i4ym atmospheric 'window' and the 17)im and 
25pm 'mini-windows..' 

The radiation emitters are: (1) sex Scents .called pheromones 

which emit high amplitude IR narrow band maSer-like 
emissions, and (2) broad band black body radiation from 
the insect's body. 'Ilie_latter radiation is modulated by 
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l;U6 vl.brat.ion ot the insOcu 's wl ng a and i a used In 
navigdtioii for bol li ' t arget'” idciU i f I cat Ion aiVi a5!liiUUii 
orlentat;! on . 

^ 'liie -plieroiiionC is given off by i'lantla in UUC. female. 

^ Wind carrion the pheromone. Into the atmosphere . a variable 

density gas.. Sunlight or. night sky irradiation causes the 
pheromone •molecules to emit narrow band high amplitude IR 
electromagnetic waves. 


^ The radiated waves are received — afar or. near — by the 

antennae of the male which .follows the trail of the emitting 
g as p heromone to its source — the fema.le,. 

0 Insects have large numbers of receiving antennae., called 

spines or sensilia, of. various -kindsl and lengths (in the 
range of about 2ym to 200ym, depending oil insect specie) . 
Different Length spines respond to different IR wavelengths. 
The nerve output of a spine conne.cts directly with the 
insect's brain. . 


The principal antenna . elements are a type of. open resonator 
— as are all antennas — known as a dielectric antenna. 
The various. kinds found on .insects have been identified, 
classified, add. dimensionally measured on some insects. _ 


Insect dielectric, antenna, elements are. arranged in elaborate 

arrays.- There is- a strong correspondence- between the. shape,. 

form,, and arrangement of arrays observed on insects and 
known man-made antenna arrays, e.g. arrays of vertical 
antennas .above a ground plane. 

By means of the modern scanning electron microscope (SEM) 
high resolution photographs can be taken of the details of 
these microscopic Receptors of electromagnetic waves found . 
on. insects.. The SEM is the principal research tool for 
observations, and a. high resolution ..Fourier analysis inter- — 
ferometer spectrophotometer is the principal tool for 
emission measureme.nts . 


T'.ie entire scientific research area 
and navigation via electroma-gnetic 


of insect communication 
waves is presently In 


a 


^Virtually any kind of antenfia form created by. man to date can.be found 
on. insects. A few examples are showii in Figs. .5-1 and 5-2.- Other 
types, not matt-made to date, luive also been observed on insects. 
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raearairomontM .o(: .sp i noa on n:I t j y ( ng mot hs (satnirnldao) . As many 

as j*'j0-200 n\ich spl non n Uiy bc^ prosouL In a [vroup on tho coci:t)])la iDoth. 
Hc! oarlJor poHluIntod In 1.965 [23] .ukI 1967 121 ] (hat: such .sp I ucu'^^iay. 
act: as pol ytubul siT; die.) eot r 1 r wavo^pi i d.' avUonnae in various s))ociral 
regions . 

We now examine Fig. 5^3 in some detail and propose some ncnv 
theories about how such wave absorbers probably work in. light of modern 
eleciro-opti c.s * These are based on extending Callaliair’s eaurlier- astute^ 
observations* iliere are many subtleties In tliis exquisitely structurecL 
sensilla — Subtleties which, took us considerable time to recognize,^— 


Once recognized and explained, they are quite simple to*': hose familiar- 
with electromagnetic fields and waves, te .examlna-J:he ensemble of 


Fig. 5-3 first and. then each part separately..- 


^ Overall The sensllla-consis ts- of a tapered Spine A posi- 
tioned above a probe K and 'its nerve, output which goes 
directly to the insectls brain. The incoming ^ field 
propagates into -the. spine from the direction shown -for 
maximum nerve response.- The spine focusses the arriving 
IT field oix-lhe. probe 

Spine A- is supported by a doughnut shap,ed material B 
above a -more-ar-less uniform surface D- — the Insect ’'s 
epicuticle. Subsurface materials F — the exocuticle — 
and H .r— the epithelium layer — complete its-lower parts. 

Spine A is believed made of a dielectric material.. It is o. 
tapered conic with walls so thin they are transparent in — 
SEM photomicrographs. 


Klely's [46] . experiments at microwave frequencies on 
dielec tfic antenna show that tapering decreases the antenna 
pattern. side lobes markedly, resulting in .a .single main 
lobe centered on the conic axis.- Further, it is well-known 
in electromagnetic field theory and in microwave hardw.'ire 
that to trafisitlon from orte field region to another will) 
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ml.nlinum rciMrTlx'd wave ijow(jt lu-nci' m.'ixJimini t;cil 

powc-r ^ — till' wav« (-uldin).', structure should he: laptMcd 
over sc'voraJ wav('.Lunp,f,lis , arrordJ.n)- a ;;l(jw iraaail Ion ot 
(-iildo .Impo.danc.i! lor Llic> wave Irom ouo. modJuin t.o anoMuo'. 
Thiu! from Lho wave viewpoluL an array of such taixTcd 
up Laos -found on :InscKls appears i.o have iireclse Ly t;he 
optimaJ shap.e for maximum abtarrp t ;l\d-Ly of the HM wave, 

The-matGfia.L — If auy. — inside the spine is not 
known. Kiley ^5 work [46J on liollow dielectric cyUudcvrs 
indicates that making the walls thin, e.g. a/h = 0.87, 
results- in the lowest dielectric, attenuation. lo.ss/nioter in 
tlU 2 direction of Wave propagation. It can-easily be .shown 
analytically that the hollow tapered spine structure of 
f'ig. 5-2 ha.s a/b = constant throughout its length and 
therefore presumably is of. minimum loss.^ 

The spine length averages about 66pm long with a 
base- diameter of 6.5.7pm for the cecropia moth. .2 In terms 
of., the more fundamental guide length to free space wave- 
.length, spines are about 2-6 wavelengths long on. insects. 
Tims such insect wave absorber structures in Nature are 
many wavelengths long. Similar many wavelength structures 
are well-known in antenna engineering as rhombic antennas, 
end-fur.e arrays, and others — all tending toward high 
directivity to an. incoming EM wave. TTius, for the. Insect, 
the fact that his sensil.lae are many wavelengths long 
increases his dlr-ec;:loual sensitivity. Arrays of such 
ditilectric sensillae further increase his antenna pattern 
dlrect-ivity . Finally, making -the array pointable in an 
arbitrary direction by a-coat Tollable support structure 
permits the insect to 'see' electromagnetically in the 
direction of the array's principal lobe. 

If a given 4 A long dielectric spine is receiving an 
EM wave, elementary antenna theory indicates it should also 
be receptive to othei. eigenvalue wavelengths multiply 
ro-lated‘... This important intriguing theoretical problem 
remains to be anaiytlcaliy solved for- tapered thin-walled 
diclo..;tric wave absorbers.- The net effect, undoubtedly, 
is to increase the insect's effective band wldtli 'seen' 
of the electromagnetic spectrum. 


Attenuation losses will bo. t tea ted-4iiwre. quantitatively in Chap. 8 
>■ 

As stated earlier, however, the length and diameter varies with 
I iijmc-t tjpee les . 
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^ ‘>' 'i , I.s f^ont Jy r.urviul liUNfard 

Lov^artL tho iii:*c)ba. K. It: v^ould appear that, eiirvln)', pc*rm(t.s 
the smaJl portion oj' tlie (neldent. wave wli i rh i - j- l; ra ; I'tvl in 
t:he l h ln*-wa.l 1 spi ne A and propaj’a 1 1 downward .and i t . let' 
tinp, from the .1 uiu'r and onler spines surfaeetj lai e.s 1 1 the. 
spine, in .a d’lreeLlnn neatly alnie.i the probe K. .Sm'h KM 
energy is probably .i small portUm of the totaj airfving at 
K, the major part arriving dire.elly at: K through the 
focusing of spine A; but it is intcrestLag to observe that 
the probable smaller portion propagating ou4' the- end of spine 
A is not W'asted J.n Nature design. 

1i\e Probe K Is located on -the spine's geometrical axis and In 
a position to capture most of the Incident KM wave focussed 
on it. The probe is composed of four .-elements arranged 
as well*rknown V antennas. Each element of the- probe has 
a short length; i.e, it is either an- appreciable fractional 
portion of a wavelengtli or, at ;nost, a few wavelengths 
long; .precise measurements have net been made on probe's 
alone , 


We have reason- to believe the probe elements are com- 
posed of long-chain organic molecules, each chain acting 
like the -cla5isical tliin wire- antenna, the result being a 
composite receiving antenna pattern for the pr^be wliicli 
suitably bnatchos '~^'the EM radiation arriving above from 
spine A. 


We also have some indication that were the probe 
geometry alone more carefully ^examined tban dias been done 
to .date, it would be found to be a circular solid of 
revolution with cross section shown in Fig. 5-3. -If .lattn- 
SEM studies show this true, we anticipate the. obvious 
implication that the spiu'^- probe system could receive t 
fields of arbitrary polarization angles measured at. right 
angles to the propagation direction. It would thus appear 
the insect sensilla neatly and beautifully- simply solves 
the arbitrary polarization problem Inherent in solar 
radiation by means of- its circular geometry. 

The probe’s outpat is obviously coupled into the nerve 
E. -The precise internal mechanism lor how-the received 
voltage on the probe elements, whidv. is at IR wavelengths , 
is- converted to an electrical signal on insects Is not 
known at this time. Such research knowledge would have 
obvious implications lor the later design of any man-made 
rectifier — anotluM* opportunity to Mearh from Nalute.' 
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physically hoids~4:lic spine A in suitable 
ppsitlau..with I'espect: to probe K. Ideally the^ support 
shoulcL be lossless and ref lee, tionless so that any signal 
propiigatiug.iii it would hot be reflected to phase add or 
subtract from the principal arriving I3M signal wave, tUdre- 
by distorting. the signal, ^seou’ by- -tlKuJLnsoct. 

Note Laat spihe A has beeil delicately placed into B 
at. such a location, as ray optics shows, to minimize the 
field’s etltering B and propagating downward through, the., 
material B.. Further there is. only a small area of contact 
between the- two which should mlninuze the ..transmitted Wave 
into B even more; but a small ‘C field would enter B. Mate- 
rial B could- be -- and probably is~. — a lossy dielectric 
which begins to dissipate th e wave propagating downward 
through it .. 

Transitioning Impedance C and 1 The small portion of the F 
field that..gets into B then enters the circular cylinder 
material C which -is neatly- tapered an its lower end, . Thus 
material .C appears to be a ttansitioning_impedance between. 
B and I... if material B. has an intrinsic impedance Zg to 
the downward propagating wave, material. C has Zq>. arid- 
material. I has Zj^ then, material B prcbably obeys -the Well- 
known relation [61] for matching sections: 

Similarly -material I matches to the internal impedance of 
layer H according to: . 



It thus. appears, that when interpreted .in the- light' of 
classical electromagnetic waves and waveguide theory, the 
spine support structure on insects consists of two care- 
fully designed transitioning impedances ^vliich aid in . 
mat citing the free space impedance to material H with 
minimum, reflections and interference with the principal 
received signal 'seen' 'by probe K. 

The Cavity Aroun d- Probe K Note that Fig. 5-3 clear ly-.shows 
a cavity around, the probe formed of the outer surface of 
the probe support material J and the inner sut-face-of B. 
Further, we note that the lower portion oj the cavity is 
tapered 

It thus appears the probe, cavity is marvelously 
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or in tbn oulx'i .<> ■ ^ ^ , ,.,, i pat ed . 

„ lossy maierial - w'“ ’ 

r . .. An incident KK wave 

It rr o.vr f nt'C* / Subsur f ^ ^ trikt'*-- 

» 

. 1 . arriving outside the spuie 

Such plane wave signals . • lasect's prol^e K *ml 

naturally contribute nothing 'o the insect 

“put i= -^i-fij-rrororct 

may use these wa^y ^y ,^^,^yj,pi^eri<' charge, 

temperature humid^ P,^„ogh R&b 

^"s:^rer^eL «P P- 

than the sensilla. ^Meition of 

, XP is sviae« iPO» P>- , 

iclusiori. It 1 ,1 -iiv areat mimbers on 

spine ^orphologp Pbat snC, ‘ „,e..neUca, 

.ee„e-ePPiP »P^ 

.pXanstions revealed h.« «or C.« ^ «.e.ra.. « « 

ilia probably works prove va i ^ 

Lectric sensiU g,,,, us 

t tt- clear Lhai tuf i- / 

?.lieve they will be, tien ^ desigitlng 

, If we correctly interpret them 

ery strong-i;,lues converters tor 

a.ir, p lect r('inagncl. .W- \'Uvc 

:„cceas£ul Urge area «.an-.»ade ^ 

, insect signal cenwrters appear Po have 

an a grand .ale in tUo insect werld ter nntcld tU,e 
in the IK range „„„in 

c ^ Aq is evident, more. 

heretofore. As pnlatRc the theory 

ia Obviously strengthen and enlarge 
insect sensilla would obvi i . y 




advanced above. 


In .Chaps. 6 and 7 v;e SUow_our first i:ornml.ations of the thcoret 
leal model .for man-made l^Wl'X: ■ converters , based ort our lfts.lghts — 
recognized as not fully complete — lear ned fro m lascct sensilla 


research. 



TIlKORirriCAL i'M-U: M()l)l-:i, - 


ahsorbI'Ks 


*1Vq A bsorber MaLcM: lal C,l.as^:i poss I I ( [<•:; 


e X i ■ I f( ' r KWRr 1 r i )n v< *) ((■• r s ; 


^ lia i ley ' s (• i rs t. RW I‘iC I: a: . t mo <1 e 1. a t. mi c. r owa v c • f r tiq ue i * ■ - 

cios was copper I'iJ . Vrriuaily all pr<*u-Iical anl.i.nnas in 
use today are metal or iiivoive o 1 (m- iromaj^nc? t i c fields 
impinging on metal. 

Nearly ail known practical solar tliernial absorbers, 
excluding plastics and solar ponds, in use today ln-t!ie 
growing soiar energy utilipsation field are of metaL. Tliere 
are numerous empirically determined surface treatments for 
enhancing solar energy absorptivity of metal surfaces, e.g. 
roughening, etching, thin film selective surfaces, and 
othurs-. 


Cumcu!s recent success [31] in constructing a -96 per- 
cent absorptivity solar thermal surface was of an EWEC-like 
structurie made of metal. 

Tlie idea of capturing the sun^s energy via selective 
surfaces arranged in V grooves on metal appears at least 
as old as 1909 [36]. This idea of periodically grooving 
metal surfaces is reasonab.ly v;ell“known, but not widely 
applied, among solai' absorber researchers and engineers . 

The detailed physics of v?ave surface interactions for 
all the above metallic embodiments appear not well under- 
stood at this time. 

Chap* 4 cites some previous investigations of wave- 
surface interactions on mej.:al surfaces of various geometry. 

2. Die lectric materials for KWE(J .ibsurber elements are. strongly 
suggested by the insect antennae, Chap. 5. Also, Bernard 
and Miller [6] have shovai t hat laser L eyes contain numerous 
dielectric cones and ni(:)ples as optical v^aveguides. 

The use of various dieJectrlc materials is well-knov;n 
in applied optics, e.g. Might pipes.* 

Dielectric antennas, tliuugh not well-known among 
electrical engineers, constitutes an identifiable area 
where dielectric malerj.<ils have bt^en successfully used for 
receiving c J ec tromagnc t Ic waves. Hie Idea of dielectric 
cylinders supporting c ] cc’ 1 rutiagnc’ tic waves is at least as 


old as 1897 aild fjOrd Kay-lolgli [64] who wofkod <)ut sionio of 

the early niiathcmatical. phyalcs , 


Coniiiierclally available IJWKC-llke fitructure nlatfc-rla] 

[HI], has-been used many years . as microwave absorbers in 
antenna and microwave systems engineering* Such materials 
are los.4y dielectrics. 

Scattering of EM waves from dielectric cylinders [76] 
[44J, wedges [49] and bodies of arbitrary cross section [77] 
have been reported. _ thopgh. our principal interest here is 
absorbing EM waves, scattering is obviously related. 

Chap . . 4 cites- previous investigations -of wave-surface 
interactions- on dielectric, surfaces. 

IlHEP-rtance Of Materia IZEg. Determination of the .type of absorber mate- 
^1-al to be used on_EWEC converters is obviously a key r-esearch problem 
having immediate, theoretical importance and la.ter_design implications. 
Clearly the materials technology for creating large area, metallic whisk- 
ered surfaces is not_likely to be the same as if the surfaces were thin 
walled dielectric whiskers . 

Finally,, there is the important-matter of .the Intended function, an 
EWEC surface is -to perform. An EWEC solar=J:hermal . absorber might, best 
be made of .metal where the impinging EM wave powex is dissipa,tgd 
throughout the surface of the absorber, as heat and then conducted into 
the -metal volume.o^hercas a solar-electric EWEC...,converter might require 
a dielectric material with minimum losses in the ElVEC abosrbers proper. 

Only after proper modeling, and analytics have been done can ratio“ 
nal choices of metals vs dielectrics be made.. 

Rationale We early recognized formulating the explici t the n- 
retical ihe4;ai_modei case would be somewhat different from the model for 
the dielectric case. We chose to formulate the simpler metal case first. 
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We have long reco^^i uumI tJie I lieore i I (‘a I dl I fi eul t l.e;; hihfM’ent in 
doaling wl Lh the. im^re eoju])!.'., I iliiiu.'niei oiia I, I’aae. Wc* fell mord pro^j- 
ress couJ.cl be made in thii; 1 1 ca 1. worl; by fir*:: I. ;dudyinj', 

the 2 D case, AccordiagJy wc cho-ic to make both prlncii^al models 2 I) 
to simplify the io.Uu;:--aua 1 yl i (\s . 

Thus this Chap, presents our theoretical kWRC modaL-Iar i^tals. 
Chapter 7 presents our similar model for die lectr ic materials . We 
present the .models succinctly^ clearly cit e n(^cessar.y...-assumptlons , 
indicate specific analytical goals, and briefly justify the modt^dr-a^id- 
our choices. -Completion of the.se then def i nes the major theoretical 
technical problems resulting from the present research grant. They are 
thus set-up suitable for later analytical attack. 

Problem Formulation : EWEC Absorber - Mental Cai^ 

The. Proposed Model is shown in Figs. 6“1 and 2, The incident wave, - 

with c field in the x direction , propagates in the negative z direction 

into metallic EWEC absorbers A^ and A^ which extend to Each has 

electrical conductivity o. A load resistor ohms/meter connects’ 

adjacent absorber faces as shown. Pertinent geometric design parani-^ 

eters are indicated. 

Assumptions To_ ^ M ade are: 

I ncid ent Wave 

A Unifonn plane wave 
A Linearly polarized as shovm 

A Continuous — no modulation, constant amplitude 
A Coherent — constant phase 
A Monochromatic with power spectral density 




INCIDENT- 

WAVE 

TRANSMISSION 

MEDIUM 


EWEC'LIKE" 

ABSORBER' 


LOAD 


^Propagation 



L/mtr. 


D/2 
He- D 


“I Po/mtr. length (in y dir.), 
^ and over width, d 


Possibly 
i rounded or 
' truncated 
I tips (if eases 
f boundary 
k conditions) 



/ L 



^R|_/mtr. (length in ,y dir.) 
INote; R|_ Qot exposed to 
y any, incoming E field am 
(less otherwise noted. 


FIG. 6-2 End View OL Model For £WEC-type 
Surface Absorbers -2D Case 
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P(X) « P 6(X - X ) 

o - 0 

A Pi op_fl^n t-I on In ~z dJ.}focl'.i.on £uid Co iliRocbor plmio, 
A T « Electric field strength-- 

A IT- Magnetic field inten.nlty 

A ^0 waiceJengCh In free spAce- 

# M edium — Ftec-Space dharac-terized by: 

A u_... ® Permeability 
A. ® Dielectric. constant 
A Homogeneous 
A Isotropic 
A Linear medium 

^ Absorber 

A* Geometry: EWEC-like in -2 D aS shown 

A Material-: .. Arbitrary metal 
A- Surfaces:.. Smooth surfaces on A., and Aa 
A Heights: . All -absorbers have same L» 

A~ Temperature: Ln thermal equilibrium 

M odels T o 1^ Studied were- defined as: 


Model 

No- 

Absorber Metal 

Dimensional Range 
To- Investigate . 

1 

Perfect Metal- ^ 

< L/X^ < 20 - 

2 

® = 0 ^, i.e. lossy metal > 

J 0 < D/X < 10 

• 0 

3 — 

0 = a + Jb I 

a a. 

\ g infinitesmal 

4- 

Model (1) 

0 < g/X < 10 

5 

Model . (2). 

1 

1 ^ 
Ditto. 

6 

Model (5) 

Ditto, .except now R^ 
becomes ruetaLwith o 
with r field irradi-^ 
atlng its smooth metal 
surface. 


V<- 

Pure lossless , homogeneous^ isotropic 
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A na 1 yt l-f.a I ..Uo-;.i Ls For Oadi anodo l find: 

J. , Spatial dlaCributl.on of aurfat'o caCrc’iila on c'l oitiOntf) Aj ami A^. 
I.ncliulo- 'alcin of foot..'" 

2- Ij /mo to t_oX..abaoi:ber. lengt h Iai_y_dil‘Oct:loii. - 

3. Spatial dis.trlbuUioit_of F and it fiokls between and in vicinity of 
Aj and- A,,. 

4. ‘Itic cenversion efficiency = absorptivity.® h ® ' 

Account for .all power, including .any-.rof looted out oi the abiiorborH . 

5 Whe-thear. there is an optimum L/D -J'atio (oir L/X^^D/.X^), or opj/imuiii 
g (or g/Xo)» or. optimum a (hence metal material) all using n as 
the principal optimization parameter. 

6. For models No. 2 and No.. 3, investigate. and attenuation 

losses/meter length in.z .dircctio.n as a function of L.. 

7. For model Na..6 show that in. the limit as. L 0 we have the clas- 
sical .case .of an EM field irradiating a .lossy surface.. 

8. Study phase relations of Ij^ f-A each Rj^ in ad.jacent trouglis_t_ 

9.. Briefly, investigate — If possible — what effects cross slicing 
has, i.e. also slicing the metal surface in x direction,, leaving 
tetrahedra.. 

10. What geometrical parameters principally affect the center, receiving 
Wavelength and the bandwidth Of the absorber?- This investigation 
should. also examine whether such absorbing structures are receptive 
at other eigenvalue wavelengths and. if so quantify the resulting 
P|^ (A) spectral distribution, particularly investigating whether, 
the surface absorbs well at short X but is a poor reradiator, at 
longer X, i.e. whether this type surface inherently has useful 
’gr.eenhousing. effect. ' 

Justification Of Models 

Here we lay out our rationale for the choices and ranges for the 

above models. 

0 Incident Wave Tlid linearly, polarized, coherent, monochro- 
matic,., uniform, plane wave, arriving from one direction is 
the classic case- in t-ime varying EM field problems. ].t is 
known to give deep Insights, quickly revealing what Is and ..... 
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i.£>n t itnpdrtant. it is known U6 bfi Uh6 simplest 

btartlng point •. l^innily, it coi?tesponda exactly to thfi 
cnse 43t-n Idsei^ beam Impinging on.an EWfiC absorbec, a prob- 
lem 01 substantial theoretical and practical importance to 
NaSA and. other Agencl^a.^ 


We are well aware of the fact that the -above Incident 
wave does not accurately model the Sun’s radiation which is 
thought to be randomly polarised, phase- incoherent, sto- 
chastie in _ nature, and a power Spectral density considerably 
different from a delta function. Such analytical modeling 
of the sun s radiation from the fields and waves view])otnt 
is a fundamental theoretical problem of both -scientific and 
engineering importance, . Mr.. James Heaney, one of- our 
graduate students, has chosen- to investigate this research 
area for his Master's thesis. 

^ Medium - That chosen is for free space,, the classic 

Effects of air, . contaminants, density variations, 
attenuation of the sun’s radiation -thr^jugh the atmosphere, 
and ^ther effects are secondary for this first order 
modeling,. 

^ Absorber 

A Mo^ Nos. 1-3. progress from the ideal toward real=- . 
istic metals at IR and light wavelengths where o 
is known-to-be .complex. . 

A. Metal is believed the easiest case tou analyse, 
drawing on known tools in microwaves, horns, 
antennas, transmission lines, and related 
appaucatus . 

A. Smooth Surf^ and A., are realistic for. 

tetrahedra [30] and more-orTless conic [31] type 
metal surfaces known to -have been fabricated to 
date. 

A Geometry That proposed is about the simplest env-irr. 
sioned which could give, us a r.easonable starting 
point for the anaLysis , . We have earlier cited 
why the 2 D caSe was chosen for it. Also the 
geometry chosen -appears about the simplest manu- 
facturable- EWEC geometry should. its technicaJ 
feasibility be indicated from the later analysis. 

A Length L was chosen to span the electrically short 
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to th6 e.l.ectri,c'.ally lortg-tange. (0 < h/\- < 20) 

Iftaect antennae (which are dielectric, however) 

Call in this range. _ Also Cmno'g [31] solat thei*- 
mal absorber ~~ wliich is metal and known to work 
with 96- percent absorptivity -- Calls In this 
range. iHnally,. tapered waveguides, transmission 
lines., dielectric rod antennas, and other micro- 
wave devices where a transition is made .Crom one 
medium to-another Call in this approximate range. 

The problem of statistically varying . absorber 
lengths is recognized as a valid theoretical. prob-. 
lem which. could be dealt with later. 

A Absorber Base Dimensions (,0-< D/X^ < 10) 

In human eye retinal cones D/X^ Is approximately 

4.- Also Callahan's data on.-lnse.c.t sensllla show 

they; all easily fall within this, range. 

A Absorber Spacing (0 < g/Xo < 10) 

Model Nos. 1-3 are the simplest cases with. g~ 0, 
understandiiig the electrical .load terminals are- 
not. shorted. This is the 'Close spaced case.- One 
finds close spaced arrays on insect antennae. 

Model Nos. 4 and 5. would permit investigating^ 
the effects of deploying the absorbers in periodic - 
array-like fashion by increasing g. These two 
models, would also assume a .'perfect ground plane'" 
between. A. and A2 penetreted by fictitious connect- 
ing wires "-to (which is not irradiated) . 

Model 6 replaces the perfect ground with a 

ground plane having a conductivity the same as., 
absorbers A- and A-.- Tlius the bulk resistance of 
the metal now becomes the 'load' in which. the 
incident wave's power- dissipates. — both by virtue—.. 
of currents .induced in A]_ and. A 2 causing. Joule - 
heating in the. metals and also-by currents directly 
induced by the. incident Wave -in the metal (J = oe") 
of the ' lossy ground plane..' This model, in 
particular,, should give us considerable, new insight 
into the nature, of .absorption of radiant wave 
energy, by a metal surface, with periodic roughness.. 

It would be extremely significant to solar thermal 

absorptio.n understanding, and, in all probability, 
would lead to-new 'selective Surface' absorbers 
based on wave techniques. - 
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ThI.R, then, rompletCR .the formhi de <::1 n ltlen of the EWEC metalfi 
peobleiii. 'llie liunlel hao been explicitly defined And-with card, coiiAlddf-“ 
Ing inputP.-f.rort) N.ature and known surface absorption phenomena. We 
believa_the later ana.lyticaL solution of the metals problem w-tll be 
of substantial theoretical interest throughout the scientific- and 
engineering communities and will* JLn-all likelihood, later lead to 
practical designable surfaces where electromagnetic wave absorption 
is desired. 
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Ghaptioi:* 7 

I'ni'IOlUJTICAL EWEC model — DIMECTRIC AJiSORUERS 
In this Chap., wo progont the proposed theoretical model for the 
EWEC dielectric-ease. The justification for dielectrics is in the first 
part of,Chap_. 6 aS is. the modeling rationale. The strong similarity, 
of the dielectric model to tlidt found on insect spines as elucidated in 
Chap. 5 will be evident, for, indeed the proposed theoretical model is 
a first attempt at modeling Fig . 5-3 in a. tractible form. 

The presentation structure follows that of the Chap. 6 ‘metals’ 


case, . 


Formulation ; EWEC Absorber - Dielectric Case 
The Pro£o^ Mo^ is shown in Figs. 7-1 and 2. The incident wave. 
With field in the x direction, propagates in the negaliye z direction 
inta-dielectric EWEC absorbers and A^ extending,, to .±<». A load 
resistor. of .R^ ohms/raeter (in y dir.) terminates each absarher as 
shown. . In contrast. to the earlier metal case, a coupling, pxobe to 
extract the electrical energy is necessary *?ith the dielectric case. 
As sump ti ons To. Be Made are i 

# Incident Wave Same as for metals case. 

^ Transmission Medium Same as for metals case. 

^ Absorber 

A Geometry: EWEC-like in 2 D as shown.. 

A Material: Dielec-tYic with dielectric constant and 

permeability shown. 

A Surfaces: Smooth surfaces inside, and outside of 

dielectric absorbing elements. . (No 
co-rr uga tiong , no-slots, no holes, no 
log spirals, etc, as found on some 
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INCIDENT. 

WAVE 

TRANSfvlbSIQN 

MEDIUM 


Propagation 


l^/rotr. length (In y dir.) 
and ever applicable area. 


■ Possibly truncated or rounded 


DIELECTRIC 

ABSORBERS 



TRANSITIONING. 
IMPEDANCES 
(A few X) 


iU 


. Possibly uniform 
thickness, t, walls 
Instead of taoered. 
(tapered preferred). 

OUTSIDE { ^0 

\ /ABSORBER I 

y 

^INSIDE -{^0^ 
Perfect Probe' 




SURFACE 

MTL. 


D*2b 


b — 


.{^L2 

Vl2 

=•- g 


LOAD. 




SAME 


FIG. 7-2 End View of Proposed Model for- Dielectric 
EWEC-^type Surface Absorber — 2 D Case. 




Insccit antennae), 

A Heights: All absorbers have same -L. 

A temperature: In thermal e quilibrium 

0 Transi t 1 onlng impodances 

A Upper Tube: Is an impedance matching section between 

dielectric absorber above and the tapered- 
absorbing load below it. 

A Outer Cone: The taper, over a few X , transitions- 

downward propagating wave, into a dissi- 
pative load, eL2'*L2* It's intrinsic . 
impedance is chosen -to completely, 
absorb. any downward propagating wave. 
in,..£^U^. 

A Inner Cone: Lts chosen such that waves 

passing the probe- ara completely 
absorbed. The taper over a. few X 
aids the gradual .transition and 
absorption. 

9 Coupling Probe 


A Function: Is a ’perfect probe,' i.e. It-eaptxires 

all EM waves -focussed on it. 


A Geometry: No variation in_y direction. Since we 

areassuming it is 'perfect,' its detailed- 
geometry is not presently important. 

A Output: An electrical current. The probe's 

output is via. an assumed, lossless 
transmission line to R . 

Load 


Equivalent of R /meter (in y, dir.) and 
ptirely resistive. 


A Lumped : 


i 


Models To Be ileiiaed .is: 


Model 



Absorber 

Sur 1 acf' 

Ulmouo I oua 1 Kange. 

No. 

Ma teri al-^ 

Mat:iu I.al 

To J.nvoH t i ga i e 

7 

, Lossless dli‘ 1 . 

Docsn^l matter ^ 

fi) < l./X^^ • 20 

8 

I lx)ssy diel. 

J (g i ni l nit esma.l)> 

.< 0 < U/X 6 

9 

ModeJ. 7 

Perfect Me.tal 

1 0 -- a/b « J .0 

10 

1 

0 = a, (lossy)"* | 

T 0 <- 11.,,/X < 6 

11 

t . 

a ” 0 h- ,Jb 1 

a ^ A 1 


12 

Model 8 

Perfect Metal \ 

, 0 < g/X^ • 10 

13 

1 

a - (lossy) 

a u 


14 

T 

^ = ®a '”"a. J 



Pure-, lossless, homogeneous, isotropic. 


"^Especially sub~cases of: (1) Realistic metals and (2) case where 

surface is intrinsically matched (377 ohms/square). 

Analytical Goals For each model find: 

1. Spatial distribution of r and H fields in and around absorber 

elements and in vicinity of probe. Limit study to dominant or 
most likely mode propagating with least attenuation losses /me ter 
(in z dir.). Thought to be mode. 

2. • 1 /meter (in z dir.) 

3. The conversion efficiency = absorptivity = p = ^t-count for 

all power, including any reflected out of the absorbcts. 

4. Whether there are optimum ranges for: 

Determines optimum absorber geometry 
for-maXi absorptivity and conversion. 

Determines wall thickness and losses. 

Determine whether it is really needed 
and if so what size range is best. 

For al] tH elec trie m.iterials. 



e and p 
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a 


f 

I 

I 


lieucrnilnes most riaslrabl(^ a ur tace..- ma . ti i r ,l a l.,> 

5. Vor Model Nos. 8, U, Investigate attenuation lofisos/fftetev 

length in z direction as a function of L (or iA ^) . 

6. For Model 7- show that when LA ■> 0. ^ "• fi*^fte, 

a/b ->• 0, hp/x - O’ -then the analytioal results teduce to 
classical case of a Wave Implrtging on a lossless dielectric. 

7. For Model 8. show that when LA ->■ “ and When a/b ->• 1.0 and 

e. = e and u = U„ then the analytical results approaches the 
cylihd?ical tube -case analyzed -by Kiely [46) ...Chapi... i^L] . . 

8. For Model 7,. under appropriate conditions to be found or inferred, 
show that when a/b -> 0,. the absorber approaches the dielectric rod. 
case, analyzed by Kiely [.4b, Ch. Ill] et-.al. . May have to assume 

h^ is large and that, =- and = y^ to-.-show it. . 

For Model. 8, show that, when the die.lectric material is -very lossy, 

the. compos ite. EWEC surface approaches a perfect absorber insofar as 
the incoming wave is. concerned. . May have to choose material such 

that n. =\/~ = 377 ohma/square. 

^ VV-_ 

10. Study phase relations of in each under each absorber. Are 
they all. in phase regardless of what g is.? 

11. l,Hiat geometrical parameters principally affect the center rece.^ing 
wavelength and-bandwidth along the lines sugges.ted for- the earlier 
metals case, — 

Justification o€ Models 

Here we lay out our rationale for the choices and ranges for the 
above models. 

0 Incident Wave, Same considerations as for the metal case. 

A Transn\l.ssion Medium Ditta. 


^It will be a poor converter to electric power in under these 
conditions, however, this case corresponds roughly to the anechoid 
surfaces. manufactureud_hy Emerson & -Cummings [81] and analyzed by 
Cherepanov [28]. 



t, Models Progress froni simplest lossless case (Mod -• 

To tVia most complex (Model 14). With lossy di- 
electric. spines and a surface metal with complex 
conductivity With adjacent absorbers similarly 
arrayed. 

A Dielectrics . Callahan’s 1967. insect work [21] clearly 
^ shows ' ins ' e ct spines are dielectric with dielectric - 
censtant.in the 2. 5-3.0 range and.that such a 
dielectric constant about matches that of various 
waxes found. on insect sensillae surfaces- and. that, 
kiely’s experimental work [46] .on dielectric 
antennas was based. on similar dielectrics. a. 
later extensive research cited in Chap, -an 
collectively suppoi^ts the. dielectric idea. 

A Smooth Su rfaces appear. to be the. only sensible 
tractible. case to choose at this time. 

A Geometry Essentially that suggested from^the inseot 
sensillae. Chap. 5... We cited .in..i3iap. 6 why the 
2 D case was chosen. 

A. Length L Same. considerations as for the metals case. 

A Base Dimension (0 < O/X < 6) . 

Same considerations as fot the metals case. 

A Hollow vs Solid Precisely what material is. inside 
thTinsect’s spine is not known. 

as the simplaat- starting point. If it isolate . 
found another dielectric constant. material is 
inside instead, it is believed the. analysis of the 
simpler air case-Chosen could be relatively easily- 
modified • 

A Rounding/ Tru ncatlgh /Curvi^ of the spine ends are 
foTTd^oh insects, but the straight sharp pointed 
one chosen is the most, common on insects. Also 
Kiely t46j p 29] indicates - that McKinney had earlie 
found curving a solid dielectric waveguide near 
the end markedly increases the attenuation for 
small . radius Qf_curvature . 

An extreme -example of- rounding occurs Is the 
corneal- nipples of insect eyeS .. The chosen 
theoretical model, Fig.. 7-2, covers this case too, 
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ir we let a >■ o av\d L « iil p.pl e radJus. .h.., 

A bBOtM icr (0 ’ 

Madfilfi 7 arui 8 are aimplest cafie where r ~ u. 

This corresponds to the close-packed — idea common 
in llature’s wave absorkcra. 

Models 9-14 would permit -systematic investi- 
gation, of deploying the absorbers in array- like 
fashion as found on insects by Increasing g. Tliey — 
also covec_the ground plane cases from, perfect 
to lossy i These models are set up so as. to cover, 
all the theoretical cases likely to be of any 
later design impqrtance. 

A The Pr obe the need. for a iirobe of some kind to couple the 

EM energy- out is obvious in light of Ghap. 5 geometry found 
on. insects. Tt -is assumed 'p.erfect,' a part of which implies 
it. is lossless, its details are not essential to know at 
this point to ..make analytical progress. 

A Tr ansitioning Impedance s • The rationale for these choices was 
^essentially covered under 'Assumptions.' above, except for - 
the. fact tliat there are’ fewer transitioning Sections chosen 
for the Fig. 7-2 model than exists on.. insect spines, 

Fig. 5-3. -This choice was. made in the hopes of simplifying „ 
the analysis; but. it should not be forgotten that Nature's 
structures have more transitioning sections than we have 
chosen for this first model. 

This. completes the formal definiti on of the bWEC dielectrics piob 


lem. The model has been defined with care and along the general lines 


as was the EWEC metal problem of Chap. 6. It is clear, however, that 
the dielectric problem is substantially- more technically complex than 
the metals problem. We believe the later analytical-solution of the 
dielectric problem — in addition to advancing EWEC research, expecialLy 
solar'select.ric xonverslon possibilities via such EWEC structuies — - will 
also have, substantial spin-offs to entomologists and others interested 


in insect control . 




CUnptcr 8 

EFFICiENCY COMPARISON MEl'AI, VS DllillJ' CTlRIC ABSORBERS 
—Chapters 6 and 7 explicitly- clefihod — but not sol.v.cd — tlici— 
two principal theoretical models of_jnost relevance to EWEC absorber 
research, (1). the metal case dnd (2) tliO -dielOctric case, . T.f the r. and 
K field expressions for these. two major cASes -were known for_a 11 space 

in and near the models, then application of classical field Methods 

would show the- theoretical losses for each, permitting, a . clear choice 
of_best material. type-to be made. All future EWEC research would then 
res-t on that choice. Tlius the lowest, loss material would, result in the 
highes.t conversion efficiency solar-electric absorber. Pat the.analyt — 
ical difficulties io_ obtaining such solutions, while we believe not 
insurmountable, are Indeed formidable, and such results are not presently 
available . 

In. this Ghap. we briefly inquire into an. alternate, approach aimed 

roughl y estimating tlUi losses -tss-hence, conversion efficiency n — for 

the two cases, fully recognizing the need for later verification. and 
refinement of these early estimates. Our. apprbach here is based on - 
very rough models.. which do not exactly fit those set up in Chaps. 6,.and 
7.. Nevertheless they can give us -some loose guides for making, early 
rough estimates of probable x\ for absorbers to be used on EWEC solar- 
electric converters. . 

The desirability of achieving high p is .welL recognized in any ~ 
solar-electric direct radiant converter and need not be argued.. 
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Loss Comparl Bontl 

DlDomenlco, n Ho.ll ..Laboiriitorles Clbftr optics ftnglnoer, In a mo.sX;- 
slgnlUcant paper [3,'}]., succinctly ..comparPH losses In sevoMl typos of 

oJectrlcal wave guiding .structures of practical Importance-, lie allowed 

tlia t ; 

• Wirea have a 5 db/Km lof-uj-at 10 KHZ.- 

^ of 5 db/Knl 

• A Millimeter Waveguide - of . 2 In. dia. has a loss of about 

1 db/Km at about 100 GhZ, 

® An ^tlcal Fiber , of best present art material, has a 
loss of only abaut 2 db/Km In the solar spectral 
range _ 

He argues, as Ramon and Whinner.y have long, ago shora [61], that 

the first '.luee of these have frequency dependent losses (.they generalljc 

increase with frequency — i.e.. shorter wavelength t- for operation well 
above, the -cut-off -frequency) . Such guided structures require. equaliTiation 
whereas the. loss in a fiber optic medium is low and is independent of 
the baseband frequency. He -also states that gigahertz bandwidths are 
possible .with singleraode fiber otpics. 

I5^s_es .In Fib^ Di Domenico summarizes the dramatic progress 

recently made in reducing losses in optipal fibers, from 20 db/Km 
achieved in 1970 by Corning Glass Wofks to 2- db/Km. achieved in the 
summer, of 1974 by Bell Lahs_jising a fused-silica-core fiber. Tlie fiber 


Communications engineers creating hew fiber optic communication 
systems- naturally are interested in kilometer lengths.. Such light 
pipes are MllionS of light wavelengths- long. In. considering sS 
materials for possible use in EWEC solar-electric absorbers, note 
that our interest is only in rods /MlO X long. _ 
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matorlal.ii wliich aiyitiar siost atfraatlve are high silica or harnsilica 
glaaiLcs. These glasses can be eloped xa control the re f r . a . cti ve.-J hdex.^ 
We._j'eprodu.eo in Fig. 8-1 Di Domenico *s ^^rihciphl. loss curve . . "Hie 
graph shows the wavelength - dcpendimce of the loss-measured ( ii a 
IZOfl- ineter-taiCtion of inultlmode fiber made by the Conning Glass Works 
and a 723 -meter section .of a multlrtlode fiber made by Bell Labs.. Note, 
that the loss reaches values of A and_2_db/Kni at 0.85pm jand 1.06pm . 
respectively. The low loss window between 0.8 and 0.85pm matches the 
output wavelength from GaAs lasers doped with Al. The large absorption 
band centered at 0.95pm is due to the. preaence of OH- ions in the .glass. 



FIG.- 8-1 Di Domenico's [33] Measured .-Loss Curve for 
State- 0 f-the*Art Fiber O ptic s 




T 


Wc bollevc 1)1 Dofften:I.(:;o '-s- rerJiiXtH ort lofjfs measurement.';! :ln f iber 
oiUiG glaafteti potentially sigafflcant for. EWRC Solm -elcctr lc Con- 
verter. s because: - - 

# The dielectric. maUerlal.s are probab.ly clo.se to the best- 

known in the present dynamic fiber optics technology, _ 
thaugh We have not .carefully researched this field In 
this short -grant. 

# The fiber optic material.s ate of .glass which -is known to 

be one of. the most durable materials wlniti subjected 
to solat- radiation, as such tibCrs would be -if assembled 
into KWEC solar-electric converters .. . Glasses would . seem 
to be. of particular interest as 4JWEC dielectric absorbers, 
especi.ally in view. of Callahan's SEM micrographs of 
insect sensilla, most of which .show the splne.s made of 
a transparent material.. 

^ Di .Domenico ' s data are based on actual measurements and not 
calculations.. _ 

# His data, are • approximately in the wavelength range of. 

most iaterest^£or any. EWEC solar-electric converter, 

- 0.3ym - l.lym. 

# Ihe data are based on small (about 100pm 0. D.) circular 

cross-section dielectric rods . Circular geometry 
dielectric rods roughly, in this size range — or . 
preferably smaller — are most relevant to EWEC 
solar-electric..absorbers. The losses in thin walled 
tubes probably needed for the best EWEC absorbers, 
would be even less than those for a solid rod. 

We found, it interesting to take Di Domenico's lowest loss case, 

at about 1pm, tr:anslate this to a. section only 10 X long. (to corre- 

pond with about .the . longest spine one finds on insects), and then. 

calculate the conversion efficiency of such an EWEC 'antenna,.'' 

considering the- 10 A rod as one element. .The results showed a loss 
_8 

of.2.,2 X 10 db for the 10 X section which corresponds to an EWEC 
absorbec-efficlency of n = 0.999999995. This estimated absorber 
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c fUr.lantjL. would ii! 'o)>tl,nlatlo . ' Wo then .topoatod the falrulatloil at 

0.95|iln v*ar« the load l 3 hlBliejI. toauUlng In a caleulated 'peaaWlatU. 
absorber efficiency of J}. 9999999194 . 

At MlHowjwe^I^^ '' 

S1U.W3 that *ot a dielectric rod waveguide (polystyrene with dielectric 
constant - 2.5) of 0.46 X diameter, operating In the mode at-mlcto . 

wave- frequency^ the attenuation Is about 0.1 db/wavelength. .The same 
10 X splije cstlmate-of the previous paragraph would thus translate. 
to a 1.0 db loss or an absorber efficiency of about 79 percent. Klely 
concludes that "even for dielectric rod aerials several wavelengths ,, 
long the attenuation. Is small provided the loss tangent of the dlelectrl 

-3 

is of the- order of 10 . 

Mueller I 571, repotting on the HU II wotk done on dielectric- 

antennas , at Bell Labs, also briefly Investlgatcd.their lasses at micro 
wave frequencies. Measurements were made near 3000 MliZ on 6 X tapered 
dielectric antenna rods of rectangular cross section (1/4X K 1/2X) for 
several. different materials haying power factors of: atyramlo 0.0005. 

Hard rubber .003, and. acetate butyrate 0.020. The relative responses 
are reproduced In Fig. 3-2. Thus at microwave. frequencies Mnellerls 
data, clearly show that high loss dielectric materials reSnUdln less 
relative .output. fro. a polyrod antenna., as would be etpected. .The 
width of the beam at half power points appears negligibly affected .by 

w;;;;;:rei^ Kieiy-s 

length. He seems to imply wavelengths in tne xu ^ 
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FIG. 8-2 Measured Effect of Dielectric Loss- on 
Polyrod Performance. Mueller [57]. 

absorber losses for these measurements . Mueller, concludes that mate- 
rials having power .factors .less than 0.001 are satisfactory for polyrod 
antennas-:^- exactly the same figure Kiely found.. 

The validity of. extrapolating these microwave results to the 
optical range may, be open. to question, but Mueller’s resuLtS-suggest. 
to us that,, as one would expect,, materials, chosen for the dielectric, 
spines in EWEC should be low loss materials -(loss tangents less than 
0.001) In the solar range ard that one could expect the absorber 
conversion efficiency to fall off if lossy dielectrics were chosen. 

The latter case then tends toward a solar-thermal converter 
where. In the limit, all the-incidCnt wave, power would be dissipated 
in the lossy dielectric spines exactly aa in microwave -anechoic 
material. This case would also-be similar to various rough surface 
organic coatings, used on solar thermal absorbers, as such coatings 
are probably lossy dielectrics. 



Loij fj Coi upav Jsu u; Dlel e C t.r lc -R odn -v^ Co ax i al McKlnuoy [ I 9 

OIIP of tlK>-early significant papers on dielectric wdveguicles rtiid 
rtidia-tur^ , made measurements at microwave freciuencies apparently at 
about 3,2 CM. wavelength -r- of attenuation in rods made of Incite 
(tan 6.“ .01) and textolite (urn cS = .001) for various modes. He 
normalized hia results, Comparing the measured attenuation in J:he 
dielectric rods .with that t)f a coaxial cable. He then compared these 
measured values with earlier_.thgpretical predictions. by Wagener who did 
some of the. earliest work on. dielectric autennas . We reproduce. 
McKinney's results here in Figs. 8—3 arid . 8-4 . — 





in Air 


o ■ MtaBMtioa la KOi 
NfttMTteXi ImiXm 
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AtUnMAlUn la 
Coaxial CatXa 


FIG. 8-3 the Dependence of.J^ttenuation in a 

Dielectric Rod on. the Diameter, d, 
of -the Rod. Solid Curves are - 
Theoretical Values [511. - 

McKinnerv's results suggest to us that, to a first approximation, 
the guide uiode is not extremefy critical , -.all the attenuation curves 
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FIG. 8-4 The Dependence of Attenuation,, a,, in a Dielectric 
Rod on the Diameter, d, of the Rod Solid Curves 
are Theoretical. Values_[Bl] . 


falling in the same approximate range. 

More important is the matter of the diameter of the dielectric rod.. 

His curves suggest, when applied to EWEC absorber elements, that it is 

desirable to structure . the absorber rods so- that their . d/X < about 

o 

0.4 if losses are to be minimized.. Again, one can easilyrelate this 
finding back to Chap. 5 wher^ one finds most insect spines structured 
long and slender. 


McKinney's data in Figs. 8-3 and 8-4 further, suggest that_JLf the. 

rod diameter Is-of the order of 1 X or larger ,,, then the losses in the 

rod are large and may equator exceed those one would have in a coaxial, 
cable (metalX- operating at that wavelength. It is not hard for us to 
see,, after examining SEM photographs of the microstructure of known good 






solaf-theirnial absorber, surfaces uaod by NASA, — Peakb [60] — , tliat the 
organic paint -coatlnga (lossy dleloctrics-) tend toward_hi.lls or mounds 
with diameters oj; the order . of the wavelength of the Incident r-idl,-i ( l on^. 
which fact, appear^, to nicely fit McKinney's curves.. 

Finally, Figures S-3- and 8-4 imply.. the_impQrtant result that. di- 
electric guide, structures for solar-electric .converters can be more 
efficient than metallic guide- structures. (coax) the diameter is 
properly .chosen, in relation to the incident wavelength. For EWE C 
solar-electric absorbers his results Suggest, going toward small diam-. 
eters. to achieve higher conversion efficiancyj a result again observ- 
able in Nature on the insect spines but not p^yJ,ously recognized_h.y 

us as of importance in minimixing absorber’ losses — — or conversely 

maximizing converter efficiency. 

iQ. .Summary ,, our knowledge at this early point in EWEC theoretical . 
research in regard to_whether metal or dielectric materials are best 
for EWEC converters is of. a preliminary .and most incomplete kind.. Much 
more research needs to be done in this. important area. JSevertheless, 
in spite of the many unknowns, the evidence accumulated to date suggest 
to us these very tenuous conclusions:. 

^ Metals or ..highly lossy dielectric^ — perhaps on a metallic 

surface. — appear best for solar-thermal EWEC absorbers. _ 

0 Dielectrics of low loss materials appear best for solar- 
electric EWEC absorbers and tliat: 

A Fiber optic glass should be n .principal material 
candidate. Our very rough calculations- indi- 
cate that in the solar range 10 X long absorbers— 
could have an-ef f iciency. in the 99 plus percent 
range. If one considers that ordinary 1/8" 


Llvi-t'.k windoWpane ftlaas has a-trananiisslvlty 
o£ about- 90% Ugbt wavelengths long), 

such estlmated’Trigh absorber offiolencl.es 
for, EWEC do noh seem uiateasohable . Other 
lo'^ loss- dielectric, materials should- also 
be explored ivi far more depth— than lias been 
, •::sible.-iiv-tliis short gnint. 

A The spine diameter should bo small in relation to the 
wavelength, (about 0,4 or, less), being received to 
minimize losses or maximize conversion .e£.f iciency . 

• All the. available loss data on dielectric antehnas are 
for solid rods whereas, insect sensillae suggest 
the spines be hollow and tapered., further suggesting 
the attenuation losses will be even. .less than 
estimated here. for a solid rod. 

As Chap. 9 indicates, .it is also ideally necessary for the EUEC 
absorbers to be tuned to the mean incident wavelength and to hava.at 


least the same bandwidth as the incident spectnum. 

Putting both the materials considerations of this Cixap. and the 
bandwidth limitations of Chap. 9 together, it now, appears that a 
conservative estimate of EWEC aolar-elec trie absorber efficiency of 
about 90. percent . could be achieved by suitable design and material 
choices; but a more rigorous analysis may modify this figure somewhat. 


BANDWIDTH — A Tlll'lORl'.TiCAL LIMITATION ON 
KWK(’ Al'.BnRli)'',RS 


9-1 The General Prolxlem Deflnfed. 

TVo important theoretical cases. were seen: 

A Case I- Find the fundamental relationships between the 
'irVadTating power. spectrum at. the converter and. the 
bandwidth. of -the EWEC converter for a Single absorber 
element. . In particular, the effect of. the converter 
bandwidth on the converter-efficiency, is desired. . 

A Case II Since multiple length EWEC elements are also 

'anticipated in practical converters,! -a rough appraisal 
of the effects of these on.maximum efficiency should be 
known, along with whether this is the right direc-tion to 
proceed. - 

Both cases are of theoretical importance for microware, laser 
power conversion, and solar conversion (thermal and electric,). 

Only -rough order-of-magnitude models and analysis estimates-iaere 
felt neednd at this early stage of the research. The analysis is 
similar ... that used in modern electrical communications system 

theory. 


^Aeain we take our cue from Nature Via the morphology of insect 
multiple. lengtK absorbers each resonant at a 

different wavelength are a fact. 


9- 2 (lASJ- 1 ANALY SIS 
M-tt^ roacoplc Model . 



FIG. 9“1 First-order macroscopic. model far 

Electromagnetic Wave Energy Converter 
with single length absorber elements. 

Assumptions And Definitions 
We assume: 

Ahalys is Is Limited -to a converter, of the general EWEC type 
wLth principal interest in its.. power conversion aspects. . 

2* Internal -Embodiment details and circuitry of the EWEC 
converter are not needed at- this time for. a first-order 
analysis. The converter- ia presently considered, to be an_ 
atray.of absorber elements without rectifiers . .. Wp consider., 
the conv-erter in a macroscopic senSe as an.aboSrber. of 
electromagnetic waves- whose useful output power, P appears 
in FL — here considered a lumped element. ° 
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3. Co nvarter Orlcntlation la- perpendicular to Che direccloh of 
the incident, propagating Wave. The more complex case of 
other arriva.1 ang le.q Is not considered in this early 
ahalysls.- 

d’he Incident Electromagneti c Wave has ! 

A single wavelength , X,.l.e. it is monochromatic. 

b. Phase coherence , i.e. has a constant phase w.r.t.. 
some reference >_ for. any single X value. 

c. Plane Polarization , i.e. its electric field vector,, , 
c, is oriented in a single direction at all times. 
Tliis. is the case - for laser, and. microwave power 
transmission but is not the more complex case for 
the sun-jwhich. is .randomly- polarized . 

d. A Characteristic Power Spectral Density function, 

I. (X) watts/Mi-micrometer . I (X) is. defined as 
the power, in the impinging wave per square meter 

of absorber. area for the wavelength interval between 
X- and X + dX. micrometers . It is also technically 
known as. the irradiance. I (X) permits handling 
the more complex case- beyond., (a) where , the incident 
wave- is the summation of independent waves_at 
several wavelengths. 

e. An Intensity of I watts/M^ =1 I(X)dX_v. 

° ^ o 

5. Focus is. on the. wave as it arrives ^ the EWEC converter, i.e 
we are not concerned here with how. it. was launched ,. the 
antenna -pattern of its transmitter and hence its spatial 
variation, its attenuation...en..route , and other unnecessary, 
details . 


6 . Converter Efficiency is defined as : 


Note that this, definition, implies a given incident power 
spectral density via P^.- 

7. Converter . Power Gain is defined as; 

P, (X) 

^’c “ P^ 


m 





where*P^(X) = uniform, 'whlto ' Irradlaliort power spectral 
density. Defining tlie. converter power ga.ln characteristic 
In this way results lil a converter— gain characteristic 
determined so.lely by the converter. 'Converter power, gain' 
and 'corrver-ter efficiency' are not necfiasarlly equal. . 

8.. Converter - Bandwid th. B, Is defined a.s- the spectral range 

(Micrometers) over which the EW£C converter yields a useful 
Whert Irradiated -with a wave or f uniform ('wltite') power 
spectral density, i.e.-P (X) - constant. .. A more rigid 
definition,, applicable to noh-ideal converter gain, 
characteristics. Would be based. on the half-p.ower. points 
with. the bandwidth being the range (micrometers) betv/een 
these. 

9. Iflie Impulse Function ,. 6 (X - X ), is defined in the usual way 
as having infinite height, centered on X,, and an area of 
1,0 under its curve* ^ 

Superposition of waves and powers is assumed valid throughout 

ANALYSIS 


Further Assumptions The..absorber element length L is chosen so — 
the converter's power response centers on the incident wavelength, Xj^, 
i.e. the absorber is tuned to the incident wavelength. The converter 
bandwidth, ^ is finite and small compared to the center wavelength, 
i.e. B/X-^ « 1. This case corresponds, to an unmodulated microwave or 
laser power beam irradiating an.EWEC power converter.. 

Is there a fundamental ceiling on the converter's efficiency for 
this case? 

The relationships can easily be seen in-Eig. 9-2. 

The incident power on. th.a EWEC converter Is 

^1 “ lO‘)dX = \ ~ 

P. = AA 
1 o 
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FIG. 9-2 Incident power spectral density 1(A) » Pl(A), 
and idealised converter power. gain G. (A) for 
the. simplest case of all centered on A^. 

The load power spectral density is, in general, 

(1) P (A) » A G (A)I(A) 

L C 

The maximum total_power..the load can have for the given irradiaring 

1(A), assuming all the- incident power .is .absorbed in the converter is: 

"t B/2 

P, (A)dA - A A 6 (A - A,)dA 

^ J A^ - B/2 ° ^ 

P = AA 
o o 

Thus the maximum converter efficiency when irradiated with. the 
aHMumcd 1(A) monochromatic wave is 
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(-2) f| - -- « — « i,00% 


IV AA. 

AS 

I O 

The nuixlfflum e.f i'ieleiicy would be 100 litn^cent aw long as i:ho con- 
verter paMsbnnd 'covers' If It does not, the efficiency would be 

zero. 


We conclude for thin himp.le, case that there is no- cxtornal. limi-;. 

tation preventing. EWliC converters from approaching 100% efficiency. 
The limitations are entirely within the converter and determined by 
the -losses therein, as ejtpected. 

9-2.1 SUB- CASE A 


Mow assume the incident radiation power density is widened to 
equal the converter bandwidth. Tills case fits that of a modulated 
power laser or microwave source irradiating. ...an EWEC converter centered 
on Xj^. Is there a ceiling on the .Converter efficiency n for this case 
The situation is shown in Fig. 9-3. Tlie incident power is 


P, = AI » A 
1 0 


f“ r ^ 

X IX(X)dX = A^ 

Jo J X, - 


Xi +-B/2 


IX(X)dX 

The maximum total P-Q.we,r....is 


B/2 


A dX “ AA B 
o o 


P 

o 



P^(X)dX = ^ G^(X)I(X)dX'= 


+ B/2 

a1 a dX 

Ja^ - B/2 


P = AA B . 
o o 

Thus the maximum converter efficiency When irradiated with the 


given 1(X) is, as expec ted . 


(3) n 


P. AA B 

AA B 
1 o 


100 % 
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I(X) 


x.srTTX 

<^1 2 . A | \,+ 9 


* Summdtlon of 
iVionochromdfic, 
independent, coherent, 
polorized, plone wave; 


G,(X) 


'Ideallied converter 
power gain 


FIG. 9-3 Incident power spectral density and . 

converter power gain when both have.. 
identical bandwidths B and are 
centered on 

Again there is no extern^ limitation on achieving 100% converter 
efficiency. , 

9-2.2 SUB-CASE B 

Now assume the tncldent radiation power speiural uiensity u 

further widened so that Its bandwidth, always exceeds the con- 
verter bandwidth B. 

Is there a ceiling ,on n for this case? 



The situatlc^n in ahowii In 9-4, 




FIG. 9-4 Case where the conver.ter bandwidth is 
narrower than the incident power 
spectral density. 


The incident power is 


?! = AI 


Q = aF” ia)dA = aF ^ 

*^o Jx. - 


A, 4- Bi/2- 


The maximum load power is- 


A^dX... = AA 

X, - Bi/2 ° ^ 


. + B/2 . 


J Pj^(X)dX = ^ G^(X)i(X)dX aJ 


, - B/2 


= AA B 
o 0 


And the maximum converter efficiency la 






(A) 


1 ’. 


AA B- 

o 

AA. lii 
. o 1 


< loo:? 


The arisumiitloh la Uhat tiit? a:onviirt;er passband lies within tlu- 
incident .radiation passband. Jf it Ues outside the. incident pass- 
band the .efficiency Jjpcomes zero,. Obviously wejwould not want. to 
design the converter for the latter caae. If the; converter. paSsband 
lies rartly,„.within and partly outside the incident spectrum, . _i ,c . it 
is improperly tuned, the converter efficiency will be correspondingly 
reduced. TliiS trivial case is not treated here, as one would not 
intentionally design such a system. 

The Conclusion for. this sub-case is that for a fixed Incident 
radiation bandwidth, the maximum converter efficiency is directly 


proportional to the. converter bandwidth B until it equals the incident 


radiation bandwidth.. Tliiereafter the efficiency stays constant at a 
maximum value of 1.0. 

We summarize the results of the Case I analysis In. l'd;;._9-5. 

The result has important implications for EWEC research in micro- 
wave,, inf rared,. and solar spectral rai.ggs . It clearly says that, 
ideally, the converter bandwidth must 'match' or exceed that of the 
incident radiation if conversion efficiencies approaching 100% are 
sought. There appears to- be no particular theoretical advantage, 
however, in having the converter bandwidth appreciably exceed J3^. 
Finally .the absorber must be tuned to the same -principal wavelength 
as . the irradiating electromagnetic wave -- a .result not commonly 


appreciated . 
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FIG. 9-5 Plot of maximum converter 

efficiency as a., function of 
bandwidth ratio 
B _ Converter Bandwidth 
Bi Incident Radiation Bandwidth 

9-2.3 SUB-CASE C 

Now assume we have an incident radiation spectrum of Fig. 9-6. 
This important case is a rough piecewise linear generalized approxi- 
mation for the sun's power spectral density. , 

Wliat is the EWEC converter as a function of converter 

bandwidth? 

The. Incident power is 

Pf = AI^ * a£ I.(X)dX = A[:|_A,(X3 - X^) + A^(X^ - X^) + f A^(X^ - X^) 
_ .. + ^5 ^2 + ^ 3 , 


FIG. 9-6 A generalized piecewise linear approximation 
of the sun's power spectral density 
irradiating an EWEC converter with bandwidth 
B centered on 

Eq. (5) suggests that the sun's assumed irradiance curve in 
Fig. 9-6 is roughly equivalent to that shown in Fig. 9-7. Both curves 
hav^e a bandwidth 

( 6 ) - ( -< — 

the equlvaletit 1(X) is ceni ared on the meati wavelength, X^, 
of the original power spectral density cu rve or 

V " 4 ^^2..'^ ^3 ^ ^ 

With the recognition of the equivalence idea, this case reduces 
to-Soib-CaSe B above where it was shown desirable to have B for 


rnaximum converter efficiency. The converter passband should be tuned 




FIG. 9-7 Power spectral density .curve roughly 
equivalent to the more complex one 
for the sun in Fig. 9~6 . 

to X. = X . 

1 m . 

The result is that the curve of n for ^ this Sub-case is the _ 
max 

same as Fig. 9-5^.. It is all the clearer now ^ however ,,J:hat to achieve 

the diighest theoretical converter efficiency for solar-electric or 

solar thermal .conversion, ideally JJL) the EWEC converter bandwidth 

must equal that of the sun’s equivalent power spectral density curve 

for the irradiation arriving at the converter, and (2) that the • 

converter's overall power gain curve' should .be centered on the mean 

solar spectral wavelength, X^. Since the sun’s spectrum at the earth’s 

surface is roughly from 0.3 to 1.1 micrometers [65] the EWEC' converter 

should be centered approximately at: _ 

X = 0.7 micrometers — 
nu 

B = 0.8 micrometers 
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Tlios^ figures repL'cseiU a fractional bundwldth of 1JV» for the 

converter. Whetlier such a fractional bandwidth can, In fact, be 

achieved with EWEC converter eleliu-intf. of a singly- length, remains to _ 

be determined by. subsequent research.. .,..l£....it can, , then, there Cppears 

no fundamental external , tcason Why converter efficiencies approaching 
100% r a nnot be built. Naturally realistic efficiencies .will be less 
because of internal absorber and rectification-losses.. 

9-3 CASE II ANALYSIS 
Ttie Problem 

Sub-ease C above Indicated the need for large . fractional band- 
widths of the EWEC converter when operated as. an efficient solar- 
electric converter. In the event such fractional bandwidths are not 
subsequently -achievable with converter elements of a singl y length,, 
it is Instructive to investigate the theoretical possibility of using 
multiple length absorber elements. Tlie first obvious step is 
consideration of lengths of absorber elements. 

What n could be expected for this configuration? 

max 

Hie model to be analyzed is shown in Fig. 9-3. 

Assumptions 

1 L > L hence implies converter elements in area A^„ centeL 
20 10 

on a shorter-sp^tral wavelength than, those, in area A^q. 

2. Each. Area has a passbandwldth, and B20» associated with it.. 

Obviously this means, the fractional bandwidths for each area 
won’t be the same. 

3 . uo Overlapping of passbands for the two areas. 

4. . Each Element passband is centered somewhere within the incident 

irradiation band, 

5. The Two Lengths of absorber elements occupy arbitrary frac- 
tional p^ts of the total absorber area... The possibility of 
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Intel spcr sing- the two lengths ot elements, is also, recognized 
based on obserVatirnS of i nsec t-antennd6 . . litis more complex, 
case . has. too fliany unknowns to concunn us in thl.s early analy- 
sis, however. What advantages interspersing as in nature^ 
other than a means of increasing.„bandwidth may have art'- not 
known .at this t.Liiic. 

6., Hie Incident .Speetrurti (sun) is approximated as in sub-case C, 
Fig. 9-7. 

Hie Macroscopi c Model 



FIG. 9-“8 First-order macroscopic model for 

Electromagnetic Wave Energy Converter 
with two lengths of absorber elements 
dispersed over the total area. 


Insect antennae againl It is interesting to observe that the success- ■ 
ful .lolar-thermal EWEC-illke absorber created by Cumo, et. al [31] of 
• IBM liad .this same idea with L 20 A0-60um and 10pm average. They 

call the arrangement "a dense forest" with . "underbrush . " They also 
observe "This, double dendrite Structure. may be responsible for the 
very large wavelength range of absorption." (O.S-AOpm). No. 
theoretical explanation was advanced, however. 
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rho- analysis proctJdure is gonornlly sirtllni: fo that xif Casd 1. 
The incident power is. 

To find the output power we use Fig, 9~9. 


'■'lO . >0 A|0-^ B 10 j 

Xzo . ^20 

"5 * » 


FIG. 9-9 (Upper) Rough equivalent of . the sun's - 
power spectral density (from sub-case 
C) (Lower) Assumed . power -gain for 
the t^ element EWEC converter. . The 
I(X) in the upper sketch simultaneously 
irradiates both converter areas. 

The maximum converter output power from area is 


A / P (X)dA - A,_ / G (X)l(X-)dX 





X 

il.O 2 


A^O { 


11 ^ ^ 
"lO ° 


^10 % '^i.n 


'^lO .-...2 

similarly the maximuili converter output, from area A^q Is 

^°20 * ®20 

The total array .output power .ia. simply that from the two areas or 

+ P 


p = P„ 

o 0 


10 


°20 " ^20^0® 20 


“ ^o ^^10^10 ^20®20^ 

The maximum converter efficiency when irradiated with the assumed 
sun’s equivalent. I(X) is 

P 


n - 


o 


^o^^O^lO ^20^20^ 

.■^o^^lO ^20^^i 


,ns ho . /I20. ^ 

(8) n = (^ ) 

Eq. (S) is quite general and is the result sought. Note that it 
reduces to Eq, (4) if either or A^q = 0, as expected since, the 
absrobers are then all of a single length. 

If we now assume = ^20’ aach .occupies- one-half the total 

converter area, then Eq. (8) shows 


B, 


n = 0.5 ^'■+ 0.5 “ 

If we fuxthef .invoke assumption (3) above while simultaneously 
requiring that both bandwidths be equal and , then 
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n - 0.5 X 0.5 4' 0.5 X 0,5 
(S^) M - Wo 

It If; immediately , clear that~.lhe reason the -converter.* s efficiency 
is no higher is— because . each area is absorbing^ at litast (wheir it has 
B =. /2) only half the . input, power spectral density because of the 
assumed bandwidth limitation of each length absorber element. If 
larger fractional bandwidths can, in facjL,.be achieved for each absorber 
area,, then converter efficiency will theoretically increase proportion- 
ally. Overlapping of absorber passbands .would also appear to increase 
the conversion efficiency. Obviously this possibility as wel3 — as the 

optimm location of and A^q f or . the actual sun*s spectrijm should 

be theoretically examined in subsequent research along with determining 
the maximum fractional bandwidths ...achievable, fox., operable absorbers. 

Then the whole more complex proposition of incoherent . and randomly 
polarized F field irradiation should also.be theoretically researched. 

The Result ls that Eq. (8) defines the basic theoretical maximum 

EWEC converter efficiency under the stated assumptions. If large 
absorber fractional bandwidths are not achievable with a single 
length absorber cone or pyramid design, then the alternative is two 
lengths of absorber elements each with a smaller but probably achievab.le 
bandwidth . 

^Three or more lengths are also obviously possible but appear less 
desirable from both converter efficiency and later manufacturing 
standpoints . 
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I t. I k furtltar clear tliat w:I tii some ovcrlappinR of abKurluu-.. . _ 

paasbandS the maximum efficiency could exceed 50%, reaching 100% If — 
each .element's. bandwidth 'matches' that of the equivalent. sun. hut- 
then the case would have fflarged to be identic;. 1 to the singl e lengtli 
absorber case treated earlier! 

It is al so clear, that whether one uSeS a single .length absorber 
element (preferred if the required fractional bandwidth is achievable) 
or two lengths the maximum theoretical EWEC conversion efficiency 
appears so much higher than that of. the conventional silicon solair 
cells 15 percent efficiency as to make it. worth striving for.. 

Finally, we recognize this early crude theoretical analysis 
could be refined later to Include non-ldeallzed passbands, overlapping 


and other detailed effects. 


Clinpter 1.0 

DISCUSSION OF HKSKARCH RKSULTS 

ItioecXs And. El a c t r oma gn o t :l c Thlr-i rcf^oarc.h le t ua^accumul a t e , 

study, suninmriy.e, and coherently orf»ani 5 <e a^-larj^e. body of exJatlnj^ 
scientific researefi knowledge on insect navigation and commuiiicat.ion 
means via electtomagnetic waves. Additionally, we found it essential 
to extend present scientific knowledge to the detailed electro-optics 
and probable operation of a single- insect dielectric antenna spine by 
advancing an hypothesis far explaining, its operation. It appears to fit 
presently known facts in both entomology and electromagnetics. It is 
clear that understanding the single spine well is the foundation on « 
which later more quantitative theoretical research can safely be built. 

This important theoretical work has, in a broacL. sense, only begun. . 
The understanding therefrom will benefit both entomologists and their 
concern for electrical control of insects as well.^as E\>?EC technology. 
Unfortunately, the grant period Was too short to get the summary .of this 
work published as originally planned. Instead it Was incarporated 
herein (Chap. 5)., We are hopeful of publishing it. later. 

The structural similarities. of the marvelous antennae found on 
insects (Chap. 5) and the. type absorbers proposed , for man-made EWEC 
absorbers (Chap. 2) are now so strong and so thoroughly documented 
(Chap. 4 and elsewhere) that we no longer have even the slightest doubts 
about the general validity of the--E\^EC concept as being a wortViy- 
direction for solar advanced research to pursue, llie wt; ll-known 
philosophy of ^learning from Nature’ appears — once again — 
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»n... in nun ,,u 4 .»n„n, . In n.un.U,nnnny pauiinnni ^io ™,x: 
vesunm... It ln„4» «orn_tUnn rMtoHcal urtulnucn to tun notion tnat 
innootn «v, point uU .out of .tUn.o„orgy otlnlV' If wo corroctl, 
intotptet tho opotatlon of tholr antonnao and.agS.tnual»oly foUow-up 
the lodicatied .l^EC .rsa^arch. 

But WO arnJiai awaro of-tho llmltatlonu of thin analogical thlnV- 
lag Uetwaon Natute'a atructuraa a,td nan-»ade BWBC convattara . . Thato Is 
a point bayond Valch Naturais analogies cannot be pressed ascapt .in 
a vary genaral way. One of these lies in tba large Surface areas 
irt.arant to n.an-».ade EWEC- solar converters. Such converter, would 
involve nany billions of spinas whereas considerably smaller numbers 
are ro be fountL.on insects because of tbalr small sire and the fact 
their antennae, appear primarily designed as Jlsnal converters Instead 
of powe r converters as EWEC research seeks . .There, is also 
limltatiotu of the rectification means used in nature In the Insect 
antennae to.get the electrical, signal into the Insect.'s nerve. While 
our present knowledge of the details of the biological converter used 
in watered are considerably less than satisfactory, it is evident that 
It IS most probably optimized for best slgoal-to-nolse ratio, as Van 
Der Elel.'s [751 early work indicates, and not tor maximum pow^r. 
conversion efficiency as would be necessary for tlie 
means on man-made EWEC power, converters . 

^We-have tMate^i^ cS's^hiskL- point contacts, 

chain molecule, forming ultimate in ^ it 

We briefly explored this notion, but it is too > _ 

herein. 
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fiomti wlU. uiuJoubtacUy ;.u:>.;ue l.linV the InRlghth achieved liUo. 

ant (!noa opf'rnt Ion during the course of this research .gr ant are, 
once explained (Chap.. 5), ratht»r obvious tu tlurSe skilled In ('Icriro- 
magneticii« Sucdi crit ics. -use the wen-khoWn w1 sclotn of 20-20 hindsight 
and fall to realize, both- the difficulty of original resemxh add ih;U- . . 

practitioners u! eloc;tromag Ire tics largtUy have .no_t heretofore been... 

dispose.cl to explore insect auteunau any mure than cntomologi.sts -- Ift 
the main, other than Callahan — have been disposed to explore electro^ 
magnetics. Nor have solar engineers — in the main — heretofore. seen 
cither field as relevant to what they are attempting to achieve! 

All these initial insights are indicative of the interdisciplinary 
nature inherent to Such advanced energy research. 

The Metal And Dielectric Tlieoretical Models were explicitly formulated, 
for the first time, in this research (Chaps. 6 and 7). A careful study 
cf Figs. 6-1, 6-2, 7-1, and 7-2 reveals large areas of Inlrerent common^ 
ness -- not heretofore appreciated -- between radiant- the rmal and 
radiant- electric absorbers of the general IMEC type. We now See these 
as sub-cascs of the larger physics field of wave-surface interactions 
(Chap. 4) where the morphology of the surface is deliberately designed 
to achieve a specific result, e.g. solar-thermal absorption. A part of 
this new insight lies in recognizing the notion that solar-thermal 
and solar-clectric absorbers are theoretically linked. and are part of 
a_cmrtiimum of wave-surface interactions on rough surfaces. - 

It appears this grant's research is but the first step toward a 
fuller more complete theoreti cal understanding of. such wave-surface 




absorption intoracr.Jons , We Uollovc It could load eventual ly to; 


0 M b tier { > 0 1 a r J^b s o r p 1 1 v i t y Surfacea. 4)y co nfroll lo^ the. 

material artd surface marpliology, thus 'tuning' the sur- 
face to the Incideht spectrulti. 

0 h igltei: Absorpt i vity /Kili issiv'I ty surfaces foo: metals liy 
p.reselactlhg the spinO langths correctly in relation 
to the wavelengths to be absorbed while siraultancausly 
minimising the antenna's ability to reradiate at much 
longer wavelengths, 

0 Practical Dielectric Absorber K lcmentg for high efficiency 
solar--eloctrlc conversion, . 

It had been our initial hope to rigorously analyze these models 
star ting. .from Maxwell's equations; but such a venture proved much too 
ambitious for the short 6 month grant, period. Instead we opted for 
performing a careful definition of the explicit technical problems 
which are now known (Chaps, 6 and 7) for the first time. Hopefully, the 
orderly analysis can now proceed in follow-on research. It is recog- 
nized the analysis is a formidable theoretical undertaking. 

The Rough Efficiency Comparisons made in Chap. 8 were most -muealing — 
even if they are only approximate estimates. Tlie comparison showed, 
for the first time, we believe, a ^emi-plausible theoretical basis for • 
why metals^ are probably best for radiant thermal converters — a fact 
long known to solar thermal engineers- but not well understood — where- 
as dielectrics appear more promising for absorbers to be used for later 
radiant-electric purposes. It is now clear ,. however, — thanks to the 
ear.ly work done by Bell Labs on dielectric antennas at microwave 

H’he Success of Cuomo [31], et al at IBM with EWEC-likc metallic 
surfaces is a case in point. 



frequ6nclcfi — that fol: the latter jUirphaa thS dielectric itiate-rial 
must be aelec-ted with dare to have a minimum loss tangent in the-wave*^ 
length range being received 11; conve, •! an efficiency, n» is to be 
maximized . 

tt appears, based on -these rough estimates — which must be - 
verified by later more qiiantita-tive theoretical 'field! app.roaches — 
that EWEC dielectric absorbers having an efficiency o,f over 90 percent 
(a conservative estimate ^ the dielectric material is. carefully chosen) 
could, in principle, be created. for the solar wavelength, range 

The_hlgh. expected efficiency of EWEC dielectric absorbers, coupled . 
with the Irigh efficiencies theoretically_ attainable when the absorber 
bandwidth equals _.or exceeds that, of the radiant spectrum (Chap. 9X 
strongly, suggests that the dielectric absorbers are not a fundamental 
limi-tation to eventually creating a successful high efficiency solar- 
electric converter even though. we. do not yet know the detailed design... 
equations far making, EWEC structures to p.rescribed specifications. 

The princip.al limitation to the EWEC invention .may well be the 
rectification means, — a subject which we recognized some years ago 
but was beyond the scope of this short grant. iiOweVer, Javan [ 43 ], 
Gustafson43-Z.] » Van Der„Ziel .[ 75 ] , and others have done early, research 
in this direction. Additional. research on the general problem of how — 
to rectify ., the electrical output of the EWEC dielectric spines is 
clearly needed. 

The Research Goals Jn^ summary., at this point in time we have strong 
indications from this research that for an_EWEC sOlar-electric 
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converter; 


Material 


Geometr y 


Losses 


Center Freq . 


^ Bandwidth 


Bearawldth 


Should probably be low los§ 
dielectric .. - 

Tapered hollow conic In the range 
of about 6 X long. 

Not greater than 10. percent of 
the irradiation If the absorber. 

material is chosen for minimum 

loss in the solar range. 

Prediction awaits later, analysis.. 

It is very clear, however, to 
us that the absorber length _ 
must be tuned to the mean 
wavelength of the irradiating 
spectrum. 

A theoretical . first-order, model 

has been formulated and analyzed _ 
(Chap. 9) , giving considerable 
new insights . 

No advancement .,made._ln...this area.. 

The theoretical -models proposed 
(Chaps. . 6 and .7.) encompass all 
the cases likely to. be of any 
later practical importance from - 
close-packed to wide-spaced 
periodic structures. 

Though, not analytically yet solved, 
the explicit problem definition 
of Chap. 7 is a substantial step 
achieved which had not been done - 
heretofore. 


Conversion Efficiency — 


Conservative estimates are 90 per- 
cent for dielectric absorber 
structures alone if it is chosen 
so it is tuned to the irradiating 
spectrum and also has a matching 
bandwidth. If A fractional band- 
width of only 0.5 can be achieved, 
then the absorber efficienc y would 


decr6£is(i to th6 45-50 percent 
tangd ~ Still much above the 15 
percent of the silicon solar cCll^ 
Tlie losses in the rectification 
means would decrease these figures 
an unknown amount • 

Clearly the research goals, outlined in Chap. 3 were only, about 
70-80 -percent achieved^_the grant period being too short and only 
part- time work involved by all personnel. Nevertheless, overall, we 
believti it fair to say this short austere grant has made it possible, to 
substantially strengthen the scientific basis for the EWEC concept, 
and this was the principal general goal; but much more theoretical re- 
search .yet remains to be done-before the EWEC concepjt is understood to 
the point specific radiant-electric hardware canJje designed and_huilt 
that will- in fact work in the solar wavelength range. 


Cliapter 11 
CONCLUSIONS ... 

Based bn the evidence acjcUmulated.- during this short preliitiinary 


theoretical, research we conclude that;. 

1. ^he Importance of Direct Conversion Advanced Research for 

both radiant*- thermal and radian t^ elec trie cases appears 
established in light of theJUation's larger energy . 
problems (Chap. 1). 

A market potential. in the. range of billions of 
dollars is seen. for a successful low cost. solar- electric 
converter . — a considerable incentive in addition ta 
the great beneficial relief from exhausting our fossil 
fuels which such a converter would tend toward,. 

2. Electromagnetic Wave Energy Converter Concept is clearly 
another major new research option — in addition -to 
conventional solar cells. — open to those in the research 
community who continue to believe high efficiency direct 
conversion to electricity can eventually be achieved 
without- resorting to thermal cycles and their limitations. . 

3. The Scientific Basis for. the EWEC concept is now on a substaa- 

tially firmer* basis than., when this research grant began. 

4 . Potential Advantages of EWEC envisioned in Chap.. 2 
appear reinforced in that: 

a Absorber Efficiency of about 50. percent -or. more 
appears easily theoretically possible under 
the- assumptions made . 

^ Function Separation Capability , i.e. the ability, 
to separate- absorption means, from rectification 
means inherent to the EWEC concept, appears 
continued valid. This research only prelimi- 
narily examined the absorption problem, however, . 
and little attempt was made to explore rectifi- 
cation. 

A Power Spectrum Matching Capabil.lty of EWEC is ... 

greatly reinforced both from the insect' research 
(Chap. 5) and_from theoretical considerations 
(Chap. 9). 
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Qtijier Advan tage s were not explored in this 
research 

5»_ Understanding Insect Absorbers of Electromagnetic waves 1 li- 
the. Infrared wavelength range., especially of single poly- 
tubular dielectric -spines, point toward sensible directions 
for future, engineering research on EWEC -converters. Tliis. 
large.-body ■ of sciantiflc knowledge, aa it bears on EWfiC 
research, was brought together., dbcumented, and coherently 
organized for the first time (Chap. 5). 

6. R ad.I^.nt~Thermal and Radiant-Electric ’absbrbers are now .seen 

as both related, theoretically and sub-parts of .the larger 
physics field of electromagnetic wave-surface interactions. 
This field was. Summarized and coherently organized for 
the first time (.Chap, 4) to our knowledge. Substantial, 
mathematical-physics prior work has been done in this . 
field; but such theoretical work largely has. not been 
directed toward the utilitarian ends sought . in EWEC 
research, i.e. the .creation of better -man-made Solar- • 
thermal and solar-elec.trlc converters 

7. Ex plicit^ Technical Models have now been formulated (ChapSji„ 

6 and .7) for the_first time and thoroughly justified. 

The mathematical boundary value problems they pose have 
not, however, been aolved. These important models define 
the technical heart of the' EWEC concept for the two 

important cases of metallic.and dielectric. materials . 

Tlie dielectric case appears to be the mOst technically 
complex case . 

8. M e_^ls vs Dielectrics were examined roughly in Chap. 8. It 

praliminarily appears that metals, are best for radiant-. 
-^iLg.rnial conversion whereas, dielectrics appear more promising 
for radiant -electric converters. We further conclude that, 
conservative ly.,. EWEC dielectric absorbers alone if made of . 
low loss dielectric material. could have efficiencies. in 
excess of. 9Q_ percent in the solar spectral range. 

9. The Bandwidth of EWEC absorbers is an important theoretical 

constraint,, it being found desirable to have the. absorber 
both tuned to the incident spectrum as well as, ideally, 
matching its bandwidth. Fractional bandwidths greater 
than 0.5 are desirable.. 

This research indicateS-ihe preliminary technical feasibility -- 
on a broad basis — of the EWEC concept. No major technical flaw 
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turned up. In the basic condcpt... To this. 6nd thtise results have been most 
encouraging, tending to verify earlier expefitntions for the Jjivention. 

It- is too early,, however, in this research, to conclude that the. 
overall technical feasibility of the EWEC concept is definitely proven,.. 
as many major theoretical aspects yet need to be examined more care- 



Chapter. 12 
RECOMMEND ATT ONS • 


It is abundantly-xlear from-this report that-^ubstantlal more . 
scientific_and engiiieerlng .research is needed on. EWEC before -its 
potentiaL-advarttagas .can be realized . 

To continue adjzanclng this important early EWEC research, we- 

recommend .that:.. 

1. M Ongoing Research - Program on EWEQ.be initiated. 

Without it progress will stop and a practical high 
ef^^iciency low cost direct solar-electric converter 
beyond classical solar cells r- may never be created. 

2. The Research Thrusts be in the areas of: ~ 

a.. Scientific Research .should continue in the general area 
of the el6ctro*"Op tics of insect antennas 

Such work has been concretely shown to. yield benefits 
extremely useful in both science and_.en^ineering 
areas . 

To be most beneficial, such scientific -work should 
occur in the general areas of: 

A Studying the insect antennae material 

compositions more closely as a check an 
the -hypotheses advanced in -Chap. 5.. 

A Exploring the coupling probes in more detail 
than heretofore. 

A-...Explorihg the rectification. means used in 
Nature, i.e. how the spine’s output is 
converted to an electrical signal without, 
semiconductors — at the nerve output of 
the sensilla. 

b. Engineering Theoretical Analyse s of : 


The 'metal' and 'dielectric' EWEC models 


0 X p 1 i c i L 1 y f o n u 1 d t d d and- juscificd i.n 

twin reporJL, 

Once solved, l:he analVf^is should be 
extended* to the 3-d Ln'iensioual case as 
well as* to statistically varying absorber 
lengths, as these will be-of later 
importance in practically fabricated EWEC 
surfaces (solarrthermal) and converters 
(solar-electria) . 

A The important problem of the EWEC converter 
irradiated with«non-iso tropic, stochastic 
electromagnetic .fields as. the sun emanates* 

This research would permit EWEC modeling 
to progress beyond, the present plane wave 
classical case toward more realistic Solar 
waves 

A Microwave Experimental Program .be initiated aimed at 
constructing and checking the general validity of 
dielectric absorber arrays of El^EC type shown in 
Fig.. 7-1 and-™2-2. 

Such experimental work, if well planned and executed, 
could profitably guide both. the future theoretical 
and materials research. . The^ results in the microwave 
range where . experimentation is trac tibia ..could later 
be scaled to the solar range. 

Studying The Power Rectification . Problem for EWEC in a 
creative preliminary way. 

This early work would involve summarizing the prior 
solid *state physics work in-depth and probably 
creatively exploring new means for rectifying in 
the. 0.3 - 1.5ym wavelength range. This work might 
also involve extending some of. the long chain organic 
molecule recti£ication..ideas. created -during the 
present, grant (hut not reported herein in-depth). 

The eventual success, of an EWEC solar^electric 
converter hinges on solvings the rectification problem 
in a technically .efficient, 4)rac4:ical, manufacturable 
way . 




ttotertala R6s^arch should be initiated on: 

A EWEC-like metAll.ic Surfaces, at solar 

wavelengths Intended for solar-thermal 
conversion uses , 

This effort-wauld be experimental in nature. 

It is too early to initiate -experimental 

research oa-jdielectric surface'.; except, ..at 

microwaves . 

^ Dielectric materials .with the. aims of: - 

1. Exploring whether a material technology 

exists for making large, area dielectric 
spiny surfaces. If not, can it be 
created?. What favorable prior art, 
exists? ~ 

2. Exploring material and processing 

problems likely to be encountered . 

in developing a practical technology 

for fabricating EWEC absorbers, 
assuming the theoretical analysis 
recommended . in 2-b continues to 
appear favorable. 

It is clear that. the recommended advanced research is strongly 
interdisciplinary in nature and, if pursued, must be with this 
philosophy. 
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APPENDIX. 


U6seaPch R6gu].ta On Fire AAt Antenna . 

Pi-oxlmal .section - Consists of one long. segpiGnt length ASOiim,. diameter 
38iim, to 73 m; 130 _sensilla arxayed in an apparently .random manner- — 
and. with no specific orientation. .Mean separation between. sensilla 
34viroi length of sensilla 37.prt to lOSym. 

Center section - COnsis.ts of 7 segments length AlOpm and diameter 
of 28 to 63um; length of sensilla. 18 to 5J3ym; arrayed in a_aig-zag 
manner V ♦ mean separation between rows on each segment 

48 pm. 

Distal section - Consists of 2_Aegments - length 480pm. Densely 
populated with sensilla ~ still being studied. 

Conclusion - Since the center . section functions in trail following 
(narrow trail of scent laid by. worker ants)>. and possesses an array 
arrangement, the.2 X criteria for dielectric waveguides was applied 

to the zig-zag sensilla 

Max 58 - .^ttn 18 = 40pm = = 20pm 

Experimental proof 

Trail following scent from the fire. .ant was.4)ut into the interferometer 
source. cell and modulatecL_at 15 cps, the vibration frequency of- the 
fire ant antenna. A. sharp h igh intensity liiaSerlike J.ine emitted at 
19.05pm. The intensity of~the line could- be increased by 20-fold by 
irradiating it with a sunlamp. According .to -NASA SP-8005 there is . 
1.86 X 10~^ w”^pm~^ spectral irradiance from the sun at 19pm X,, at 
a brightness temp, of 4675 t(K). 
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Candle experiment 

The line 19-.05 was noted as coming Jrom a candle flame. . Accordingly 
a candle .was cut so that it was 1/4. iiich -Above the floor. Ants 
released three feet from tha candle went -directly to the candle and- 
ran round and round the flame in the same manner, as moths fly to a 
candle. Wlien a keroSene glass mantle was put over the flame so that 
the visible light passed, but. the far IR was blocked, ants ignored 
the flame. Since a candle is. analogous to the sun, this is further 

proof that the sun can be tuned to by dielectric spines. 

Attraction. of. Fire Ant to Candlelight (5Q_Ants) 


Candle alone . . 

Glass mantle over candle 
IR Transmitting . plastic. mantle 


Response time in sec. 

Min. 

Max . . 1 

7 

16_ 1 

None 

None i 

9 

15 
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